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1 The effects of mefenamic acid on both membrane potential and Kþ currents in pig urethral
myocytes were investigated using patch-clamp techniques (conventional whole-cell, cell-attached,
outside-out and inside-out configuration).

2 In the current-clamp mode, mefenamic acid caused a concentration-dependent hyperpolarization,
which was inhibited by preapplication of 1mM glibenclamide. In the voltage-clamp mode, mefenamic
acid induced an outward current that was blocked by glibenclamide even in the presence of iberiotoxin
(IbTX, 300 nM) at �50mV.
3 ATP-sensitive Kþ channels (KATP channels) could be activated in the same patch by mefenamic
acid and levcromakalim, with the same unitary amplitude and the similar opening gating at �50mV in
cell-attached configuration.

4 In outside-out recording, external application of mefenamic acid activated intracellular Ca2þ -
activated IbTX-sensitive large-conductance Kþ channels (BKCa channels).

5 Mefenamic acid (p30 mM) activated spontaneous transient outward currents (STOCs). In contrast,
mefenamic acid (X100mM) increased sustained outward currents, diminishing the activity of STOCs.
6 Over the whole voltage range, mefenamic acid caused opposite effects on the membrane currents in
the absence and presence of 5mM glibenclamide. In the presence of 10mM 4-aminopyridine (4-AP),
mefenamic acid only increased the outward currents.

7 These results indicate that mefenamic acid increases the channel activities of two distinct types of
Kþ channels (i.e. BKCa channels and KATP channels) and decreased 4-AP-sensitive K

þ channels in pig
urethral myocytes.
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Introduction

Fenamates (mefenamic acid, flufenamic acid, niflumic acid,

etc.) are often used clinically as nonsteroidal anti-inflamma-

tory drugs. Mefenamic acid is one of the most commonly used

fenamates, not only as an anti-inflammatory agent but also in

the therapy of patent ductus arteriosus in preterm infants.

Fenamates are known to affect various types of membrane

channels. They inhibit nonselective cation channels (Gögelein

et al., 1990; Jung et al., 1992; Siemer & Gögelein, 1992; Chen

et al., 1993) and Cl� conductance (Bertrand & Galligan, 1994;

Busch et al., 1994). Fenamates have emerged as potent

activators of large-conductance Kþ channels in the corneal

epithelium (Rae & Farrugia, 1992). On the other hand,

fenamates inhibit human neural voltage-gated Kþ channels

(hKv, Lee & Wang, 1999). In smooth muscle, mefenamic acid

has been shown to activate Ca2þ -independent delayed rectified

Kþ currents (canine jejunum, Farrugia et al., 1992; 1993),

large-conductance Ca2þ -activated Kþ channels (pig coronary

artery, Ottolia & Toro, 1994) and a1-adrenoceptor-activated
nonselective cation currents (rabbit portal vein, Yamada et al.,

1996). Additionally, in rabbit portal vein, Greenwood & Large

(1995) reported that mefenamic acid inhibits spontaneous

transient inward currents (STICs) and spontaneous transient

outward currents (STOCs) in a concentration-dependent

manner, and that noisy tetraethylammonium (TEAþ )-sensi-

tive outward currents were induced by the application of

higher concentrations of fenamates (X100mM). Despite its
frequent use, the channels targeted by mefenamic acid,

especially around the resting membrane potential, still remain

to be directly identified in freshly dispersed smooth muscle

cells by the use of single-channel recordings.

In this paper, we describe the use of single-channel

recordings to demonstrate the presence of two distinct types

of Kþ channels, namely, an intracellular Ca2þ -activated large-

conductance Kþ channel (BKCa channel) and a glibenclamide-

sensitive 43 pS Kþ channel (KATP channel) in pig proximal

urethral smooth muscle cells. We investigated the effects of
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mefenamic acid not only on these two distinct Kþ channels

but also on STOCs. Furthermore, we studied the pharmaco-

logical properties of the mefenamic acid-sensitive membrane

currents.

Methods

Cell preparation and recording procedure

Fresh female pig urethra with attached urinary bladder was

collected from a local abattoir. The smooth muscle was

dissected from the proximal urethra, 1–2 cm distal to the

bladder neck. We employed the cell dispersion method (the

gentle tapping method) previously described (Teramoto et al.,

2000; 2001a, b). The dispersed cells were normally used within

4–5 h for experiments and were stored at 4–61C. The set-up of

the patch-clamp experimental system used was essentially the

same as described previously (Teramoto et al., 2000; 2001a, b).

All experiments were performed at room temperature

(21–231C).

Solutions and drugs

For whole-cell recordings, the ionic composition of the

physiological salt solution (PSS) in the bath was (mM): Naþ

140, Kþ 5, Mg2þ 1.2, Ca2þ 2, Cl� 151.4, glucose 10, HEPES

10, and was titrated to pH 7.35–7.40 with Tris base. High Kþ

pipette solution contained (mM): Kþ 140, Cl� 140, glucose 5,

EGTA 5 and HEPES 10/Tris (pH 7.35–7.40). The perforated-

patch technique with nystatin was also occasionally used to

record whole-cell currents (Teramoto & Brading, 1996). In

short, nystatin was freshly dissolved in acidified methanol (1 N

HCl to about pH 2) and the pH was adjusted to 7.4 with Tris

base. This stock solution (10mgml�1) was diluted in the

pipette solution at a final concentration of 50mgml�1 just
before use. Whole-cell recording was performed with a pipette

which was first dipped in normal pipette solution (nystatin-

free) and then back-filled with nystatin-containing pipette

solution. This resulted in chemical perforation of the

membrane. In single-channel recordings, the composition of

the bath solution was the same as the pipette solution in

symmetrical 140mM Kþ conditions. For recording BKCa
channels in outside-out patches, the pipette solution contained

(mM): Kþ 140, Ca2þ 0.75, Cl� 141.5, EGTA 5, glucose 5,

HEPES 10/Tris (pH 7.35–7.40), estimating the free Ca2þ

concentration ([Ca2þ ]) as approximately 60 nM, and the bath

solution was PSS, 60mM Kþ solution, or 140mM Kþ solution

(140mM Kþ solution was obtained by replacing 135mM Naþ

with equimolar Kþ in PSS). To test the intracellular Ca2þ

sensitivity of BKCa channels in inside-out patches, the pipette

solution was 140mM Kþ solution and the bath solution

contained initially (mM): Kþ 140, Cl� 140, EGTA 5, glucose 5,

HEPES 10/Tris (pH 7.35–7.40), with increasing free [Ca2þ ].

The concentrations of free ATP and free [Ca2þ ] were

calculated by use of the commercial software ‘EQCAL’

(Biosoft, Cambridge, U.K.). Cells were allowed to settle in

the small experimental chamber (80 ml in volume). The bath
solution was superfused by gravity throughout the experiments

at a rate of 2mlmin�1. All chemicals were purchased from

Sigma (Sigma Chemical K.K., Tokyo, Japan). The stock

solution of mefenamic acid (500mM) was made daily by

dissolving it in dimethylsulphoxide (DMSO). This was diluted

in the bath solution (final concentration, 500mM), and was
further ultrasonicated for about 15–25min until it was

dissolved (ultrasonicator, Bransonic, Branson Ultrasonic

Corporation, U.S.A.). Both levcromakalim (kindly provided

by SmithKline Beecham Pharmaceuticals, Harlow, U.K.) and

glibenclamide were prepared daily as 500mM stock solutions

in DMSO. The final concentration of DMSO was less than

0.5%, not affecting membrane currents. Note that the pH of

the bath solution was readjusted after addition of 4-AP with

Tris (pH 7.35–7.40).

Data analysis

The whole-cell current data were low-pass filtered at 500Hz

(�3 dB) by an eight-pole Bessel filter (3611 multifunction filter,
NF Electronic Instruments, Yokohama, Japan), sampled at

25ms and analysed on a computer (Macintosh Quadra 610,

Apple Computer U.K. Ltd, Uxbridge, U.K.), using the

commercial software ‘Mac Lab 3.4.4’ (ADInstruments Pty

Ltd, Castle Hill, Australia). For the analysis of single-channel

recordings, the stored data were low-pass filtered at 2 kHz

(�3 dB) and sampled into the computer at an interval
of 80ms, using the ‘PAT’ program (kindly provided by

Dr Dempster, University of Strathclyde, U.K.). Single-channel

events were detected using a half-amplitude criterion

(Colquhoun & Sigworth, 1995) and inspected manually. Since

we could not determine the total number of functioning

channels in each patch, we only examined opening kinetics in

the present studies (Teramoto et al., 1999). Open lifetime

distribution of a 30 s recording was log-binned using the

method of McManus et al. (1987). The conditional probability

density function was fitted to the open lifetime distribution by

the method of nonlinear regression fitting (Sigworth & Sine,

1987). However, events shorter than 200 ms were not included
in the evaluation and no correction was made for missed

events. The channel activity was calculated using the following

equation from an all-point amplitude histogram and expressed

as an NPo value (number of channels (N) � open-state

probability (Po)).

NPo ¼
XN
j¼1
tj j

 !
=T

where tj is the time spent at each current level corresponding to

j¼ 0, 1, 2,y, N, and T is the duration of the recording (2min).
The all-point amplitude histogram was obtained

from a continuous recording of 2min and fitted with the

Gaussian equation using a least-squares fitting. Continuous

traces in the figures were obtained from records filtered at

500Hz for presentation. However, the inset traces in both

Figure 3b (expanded figures) are original traces (2 kHz

filtration).

Statistical analysis

Statistical analyses were performed with the analysis of

variance (ANOVA) test (two-factor with replication). Changes

were considered significant at Po0.01 (*). Data are expressed
as mean with the standard deviation (s.d.).
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Results

Effects of mefenamic acid on the resting membrane
potential recorded in pig urethra

In a conventional whole-cell configuration, current-clamp

experiments were performed to investigate the effects of

mefenamic acid on the resting membrane potential in

dispersed single smooth muscle cells from pig proximal

urethra (pipette solution: 140mM KCl containing 5mM

EGTA; the bath solution: PSS). In Figure 1a, the resting

membrane potential in pig proximal urethral myocytes

was approximately �36mV, and the value was relatively
stable (�3775mV, n¼ 5). Application of 300 mM mefenamic
acid caused a significant membrane hyperpolarization, which

was inhibited by preapplication of 1 mM glibenclamide

(Figure 1a). Reapplication of 300mM mefenamic acid induced
a similar amplitude of hyperpolarization, which was not

significantly different from that of the first application

(�6174mV, n¼ 4). The hyperpolarization induced by

mefenamic acid (p500mM) was concentration-dependent
(Figure 1b).

Effects of mefenamic acid on KATP currents and KATP
channels

In the voltage-clamp mode, application of 300 mM mefenamic
acid caused an outward membrane current that gradually

decayed in amplitude at �50mV. Figure 2a shows that
this outward current persisted in the presence of 300 nM

iberiotoxin (IbTX), a selective intracellular Ca2þ -activated

Kþ channel (BKCa channel) blocker. IbTX did not signifi-

cantly affect the amplitude of this outward current (in the

presence of IbTX, this was 4575 pA, n¼ 5 vs 4875 pA, n¼ 5
in its absence). Similar results were observed with 500 mM
mefenamic acid (Figure 2b, n¼ 4). Additional application of

Figure 1 Effects of mefenamic acid on single isolated smooth
muscle cells of pig proximal urethra. The bath was superfused by
PSS and the pipette solution was 140mM KCl, containing 5mM
EGTA. (a) Under current-clamp conditions, 300 mM mefenamic acid
hyperpolarized the membrane and its action was inhibited by 1 mM
glibenclamide. (b) Concentration–response relationships. Control
indicates the condition just before the application of mefenamic
acid. Each symbol shows the mean of 4–5 observations with s.d.
*Significantly different from the control (ANOVA, Po0.01).

Figure 2 Effects of mefenamic acid on membrane currents in pig
urethral myocytes. The bath was superfused by PSS and the pipette
solution was 140mM KCl, containing 5mM EGTA in a conven-
tional whole-cell recording. (a) Under voltage-clamp conditions, in
the presence of bath-applied 300 nM IbTX, 300 mM mefenamic acid
caused an outward current at �50mV. Glibenclamide (5 mM)
completely suppressed this current. The dashed line indicates the
zero current level. (b) Relationships between the peak amplitude of
the mefenamic acid-induced outward currents and the concentration
of mefenamic acid in the absence or presence of 300 nM IbTX (the
bath) at �50mV. Each symbol indicates the mean of 5–8
observations with s.d. shown by vertical lines. (c) The comparative
effects of 100mM mefenamic acid and l00 mM levcromakalim on
membrane current. The dashed line indicates the zero current level.
Extracellular application of 100 mM mefenamic acid caused an
outward membrane current at �50mV. About 2.5min later,
levcromakalim caused a larger amplitude outward current with a
similar basal noise level.
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5 mM glibenclamide abolished the mefenamic acid-induced

outward current, and slightly reduced the resting current. The

peak amplitude of the mefenamic acid-induced outward

membrane current increased in a concentration-dependent

manner (Figure 2b). To compare the effects of mefenamic acid

and levcromakalim, a well-known and potent ATP-sensitive

Kþ channel (KATP channel) opener, on the membrane

currents, both drugs were applied on the same cells. Applica-

tion of 100mM mefenamic acid caused a small-amplitude
outward current at �50mV (Figure 2c). On washout, the basal
current recovered to the control level. Approximately 2.5min

later, application of 100mM levcromakalim caused a larger
amplitude outward current, with a similar basal noise level at

�50mV to that of mefenamic acid.
Cell-attached recordings were performed to study the

channel openings of the smaller amplitude Kþ channel in

more detail at �50mV. When the concentration of mefenamic
acid was increased in a cumulative manner, the open

probability of this 2.1 pA Kþ channel was enhanced in a

concentration-dependent manner. To determine the channel

conductance, the membrane potential was stepped from �90
to 0mV in 10mV increments in the presence of 300 mM
mefenamic acid, and the amplitude of the mefenamic acid-

induced channel was measured at every membrane potential

from an all-amplitude histogram fitted by the Gaussian

distribution function. The conductance of the channel was

42.972.5 pS (n¼ 6). This channel was reversibly suppressed by
subsequent application of 10mM glibenclamide (Figure 3a). We
investigated the kinetics of the 2.1 pA Kþ channel in order to

determine whether or not mefenamic acid activated the same

Kþ channels as levcromakalim at�50mV. Burst-like openings
were observed when either mefenamic acid or levcromakalim

were applied on the same patches, and the mean open lifetime

of the channel calculated. Figure 3b shows the effect of

sequential application of mefenamic acid and levcromakalim

(100mM) to the same membrane patch. Levcromakalim was
applied after the mefenamic acid-induced Kþ channel activity

had disappeared for about 6min. Both drugs activated the

same amplitude Kþ channel (n¼ 6). The mean open lifetime in
each condition was 1.770.1ms (100mM mefenamic acid, n¼ 6)
and 1.770.1ms (100mM levcromakalim, n¼ 6), respectively,
showing quite similar channel-opening kinetics (Figure 3c).

Effects of mefenamic acid on BKCa currents and channels

To investigate the effects of mefenamic acid on the membrane

current further, experiments were performed at a holding

potential of 0mV (Figure 4a). After demonstrating the

presence of a levcromakalim-induced membrane current, this

was inhibited by additional application of glibenclamide

Figure 3 Effects of mefenamic acid and levcromakalim on the same cell-attached patches in symmetrical 140mM Kþ conditions at
�50mV. Note that mefenamic acid, levcromakalim and glibenclamide were applied in the bath solution. (a)When mefenamic acid
was applied in the bath, a small channel (2.14 pA at �50mV) started to activate. Glibenclamide (10mM) reversibly inhibited this
channel. The dashed line indicates the current base line when the channel is not open. (b) The 2.14 pA channel was activated by
mefenamic acid (100 mM) and 100mM levcromakalim. Levcromakalim (100 mM) was applied 5min after recovery from mefenamic
acid. The dashed line indicates the current base line where the channel is not open. (c) The open lifetime in the presence of 100mM
mefenamic acid and 100 mM levcromakalim at �50mV. The abscissa shows the logarithmic open lifetime (ms) and the ordinate
shows the square root of the number of total events (mefenamic acid, 9382 events; levcromakalim, 16,008 events). The solid curve
indicates a single exponential fitting using the least-squares method. The width of the bin was 0.2ms. The time constant for the mean
open lifetime was 1.7ms (1.770.1ms, n¼ 6, 100 mM mefenamic acid) and 1.8ms (1.770.1ms, n¼ 6, 100 mM levcromakalim). The
data were obtained from 30 s recording and filtered at 2 kHz, with a sampling rate of 80 ms for analysis. (d) All-points amplitude
histograms in the presence of 100 and 300mM mefenamic acid. Continuous lines in the histograms are theoretical curves fitted with a
Gaussian distribution function. The abscissa shows the amplitude of the current (pA), and the ordinate shows the percentage value
of the probability density function (%).

1344 N. Teramoto et al Effects of mefenamic acid on Kþ currents

British Journal of Pharmacology vol 140 (8)



(5 mM), after which application of 300mM mefenamic acid
caused an outward membrane current, which was exceedingly

noisy when compared to the levcromakalim-induced outward

current. The additional application of IbTX (300 nM) com-

pletely suppressed the mefenamic acid-induced noisy outward

current at 0mV.

Single-channel recordings were performed using the excised

membrane patch (outside-out configuration) at þ 20mV (140/
5mM Kþ conditions, Figure 4b). It was found that BKCa
channel sometimes opened even at a low free [Ca2þ ]i
(o10 nM), as shown in Figure 4b. Extracellular application
of mefenamic acid reversibly enhanced the activity of the

channel in a concentration-dependent manner (Figure 4b, c,

n¼ 5). When the control NPo value of BKCa channel was
normalized as 1.0 (n¼ 5), external application of 300 nM IbTX
caused a marked inhibition of the channel openings

(0.00771.4� 10�5, n¼ 5) in outside-out configuration at
þ 30mV (5mM Kþ PSS, bath/140mM Kþ ). On removal of

IbTX, the channel activated again although it took 2–3min to

wash out the blocking effect even at 2mlmin�1 bath perfusion

rate and recovery was not complete (0.6170.1, n¼ 5).

Effects of mefenamic acid on STOCs recorded using
nystatin-perforated patches

After establishment of the nystatin-perforated patch, sponta-

neous transient outward currents (STOCs) were observed at a

holding membrane potential of �20mV even in the presence
of 5mM glibenclamide (bath solution, PSS solution; pipette
solution, 140mM KCl solution containing 5mM EGTA,

Figure 5a). Application of 10 mM mefenamic acid enhanced
STOCs, increasing the frequency (Figure 5b) and mean

amplitude (Figure 5c). Subsequently, application of higher

concentrations of mefenamic acid (100–300 mM) suppressed
STOCs (Figure 5b, c) although a noisy outward current was

induced. On removal of mefenamic acid, the mefenamic acid-

induced noisy outward current gradually diminished and

STOCs returned. STOCs were abolished by additional

application of IbTX (100 nM) at �20mV.

Effects of mefenamic acid on the membrane current in pig
urethra

Figure 6a shows the overview of the experimental protocol.

Applying 300mM mefenamic acid in the bath, an outward
membrane current was evoked. In order to obtain the current–

voltage relationships, a ramp pulse (see the inset in Figure 6a)

was applied in the absence and presence of mefenamic acid at

�50mV under quasi-physiological Kþ conditions. Averaged

currents from eight ramp pulses were obtained in each

condition (Figure 6b). In the absence of mefenamic acid, the

mean ramp membrane current changed sign at about �46mV,
showing an outward rectification. Mefenamic acid enhanced

the amplitude of the ramp membrane currents (i.e. agonist

action) in two voltage regions (from �120 to �20mV and
from þ 30 to þ 40mV). However, in the voltage range from
�20 to þ 30mV, the current was reduced (i.e. antagonistic
action) by mefenamic acid. The net membrane current induced

by mefenamic acid was obtained by subtraction of the two

ramp membrane currents before and during the application of

mefenamic acid (Figure 6c). The membrane potentials of the

mefenamic acid-induced current changed sign at �8572,
�2172 and 2872mV (n¼ 5). Using the same cell, when
rectangular voltage step pulses (10mV increment from �120
to þ 40mV for 2 s duration, every 10 s) were applied in the
absence or presence of 300 mM mefenamic acid, the dual effect
was also observed (Figure 7). The peak amplitude of the

membrane current during the initial 500ms pulse duration was

suppressed from �20mV to þ 20mV (antagonist action). On
the other hand, the average current amplitude during the last

50ms of the voltage step was enhanced by mefenamic acid

(agonistic action) for the whole range of membrane potentials.

Similar results were obtained in five other cells. In the presence

of 10 mM glibenclamide, a similar dual action of mefenamic
acid was observed (n¼ 5).

Figure 4 Effects of mefenamic acid on BKCa currents and BKCa
channels in an outside-out patch. (a) At 0mV, 100 mM levcromaka-
lim caused an outward current that was blocked by 5 mM
glibenclamide. In the presence of 5 mM glibenclamide, a much noisier
outward current was evoked by the additional application of 300 mM
mefenamic acid and was abolished by the extracellular application
of 300 nM IbTX. (b) Extracellular application of mefenamic acid
reversibly activated channel openings in a concentration-dependent
manner at þ 20mV. The pipette solution was 140mM KCl
containing a low free Ca2þ (o10 nM). The bath solution was
5mM Kþ PSS. The dashed line indicates the current base line, where
the channel is not open. (c) Mefenamic acid increased the relative
NPo value of BKCa channel in a concentration-dependent manner
(100 mM, 4.872.0, n¼ 5; 300 mM, 9.272.2, n¼ 5) when the NPo value
in control was normalized as 1.0 (control, open column) in every
patch (n¼ 5). After washing out mefenamic aid, the NPo value
recovered to near control level (grey-filled column, 1.3270.4, n¼ 5).
The NPo value in each condition was obtained over 2min recording.
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In order to characterize further the pharmacological proper-

ties of the mefenamic acid-sensitive membrane currents, 10mM

4-aminopyridine (4-AP) was applied before application of

300 mM mefenamic acid. Figure 8a shows the overview of the
experimental protocol at a holding potential of �50mV
when 5mM glibenclamide was present throughout the

experiments. Application of 4-AP reduced the membrane

current. The current–voltage relationships were obtained by

applying four ramp pulses (from �120 to þ 80mV for 1 s
duration, see inset in Figure 8a) every 15 s at �50mV.
Figure 8b shows the averaged membrane currents during the

falling phase of the ramp pulses under various conditions of

the experiment. The mefenamic acid-induced membrane

current in the presence of 4-AP and glibenclamide was

obtained by subtracting the mean membrane current in the

presence of 300 mM mefenamic acid from the membrane

current in its absence, demonstrating an outwardly rectifying

property (Figure 8c, n¼ 4). Additional application of IbTX
further reduced the membrane currents.

Discussion

In the present experiments in pig urethral myocytes, we have

been able to demonstrate that mefenamic acid activates BKCa
channels and KATP channels, and inhibits 4-AP-sensitive K

þ

currents and STOCs.

Effects of mefenamic acid on Kþ channels

The first report of the effects of mefenamic acid on Kþ current

was by Farrugia et al. (1993), who showed that mefenamic

acid increased the amplitude of delayed-rectifier Kþ currents

in canine jejunal smooth muscle, but the effects of glibencla-

mide were not reported. Greenwood & Large (1995)

showed that fenamates induced outward currents in the

rabbit portal vein, and concluded that they were Ca2þ -

activated Kþ currents, since 10mM glibenclamide did

not affect them, although they were blocked by 1mM TEACl

at 0mV. Thus, the target Kþ channels for mefenamic acid in

smooth muscle have been thought to be Ca2þ -activated Kþ

channels although until now there have been no direct

observations (such as single-channel recordings, efflux Kþ

studies, etc.). However, in the present experiments, glibencla-

mide (1 mM) suppressed the mefenamic acid-induced hyperpo-
larization and inhibited the mefenamic acid-induced outward

current at a concentration of 10mM. In cell-attached config-
uration, mefenamic acid (X100mM) also activates KATP
channels at �50mV and levcromakalim activates the same-
conductance Kþ channels. These results taken together

strongly suggest that mefenamic acid activates not only BKCa
channels but also KATP channels in pig urethral myocytes, and

that the hyperpolarization of the resting membrane potential

caused by mefenamic acid is due to an outward current mainly

carried by Kþ .

Figure 5 Nystatin-perforated recording of the effects of mefenamic acid (10–300mM) on the activity of STOCs at –20mV in the
presence of 5 mM glibenclamide. The bath solution was 5mM Kþ PSS, and the pipette solution was 140mM KCl containing 5mM
EGTA. Note that 5 mM glibenclamide was present in the bath solution throughout the experimental protocol. (a) Current trace of
STOCs in the absence and presence of mefenamic acid. Subsequent application of IbTX (100 nM) abolished STOCs. The dashed line
indicates the zero current level. (b) Event histograms of STOCs were obtained from the results in (a) in the absence and presence of
mefenamic acid (10mM and 300 mM). The abscissa shows the amplitude of STOCs (pA) and the ordinate shows the number of total
events of STOCs for a 2min recording. Note that amplitudes of STOCs less than 20 pA were omitted from the evaluation. (c)
Relative number of STOCs in each concentration of mefenamic acid. By normalizing the total number of STOCs for the 2min
recording just before application of mefenamic acid (control) as one, relative numbers of STOCs were obtained in each
concentration of mefenamic acid. Each column indicates the mean of four observations with s.d. Note that amplitudes of STOCs
less than 20 pA were omitted from the evaluation.
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Figure 6 Effects of 300mM mefenamic acid on the membrane current recorded from dispersed urethral smooth muscle cells at
�50mV. A conventional whole-cell record performed with 140mM Kþ containing 5mM EGTA in the pipette solution. The
holding membrane potential was �50mV. The bath solution was 5mM Kþ PSS. (a) Effects of 300mM mefenamic acid on the
membrane current. The vertical deflections indicate ramp potential pulses (see inset). The dashed line indicates the zero current level.
(b) Mean ramp currents induced by the eight ramp potential pulses from �120 to þ 40mV for 800ms, following a 300ms
conditioning pulse (�120mV) applied every 10 s before and during the application of 300 mM mefenamic acid. In the absence of
mefenamic acid (open circles), the membrane exhibited outward rectification. (c) Net membrane current evoked by mefenamic acid
(300 mM). Net membrane current was obtained by subtraction of the two ramp membrane currents (shown in (b)) recorded before
and during the application of 300 mM mefenamic acid, demonstrating a dual (agonistic and antagonistic) action.

Figure 7 Effects of mefenamic acid (300 mM) on the membrane current evoked by application of rectangular pulses (duration 2 s) at
10 s intervals in conventional whole-cell configuration. The holding potential was �50mV, the bath contained 5mM Kþ PSS, and
the pipette solution was 140mM KCl containing 5mM EGTA. Data were obtained from the same cell as in Figure 6. (a) Current
traces in the absence and presence of 300mM mefenamic acid at the indicated membrane potentials. (b, c) Current-voltage
relationships obtained in the absence (open circles) or presence (filled circles) of 300 mM mefenamic acid. The peak amplitude of the
membrane current was measured as the peak value (b) within the initial 500ms of the command pulses (from �120 to þ 40mV).
The end value (c) was measured as the mean amplitude within the last 50ms of the rectangular pulses. The lines were drawn by eye.
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On the other hand, at potentials more positive than

approximately �84mV (i.e., the theoretical EK in quasi-
physiological Kþ conditions, 5/140mM Kþ ), mefenamic acid

(300mM) inhibited the membrane currents in the voltage range
from �20 to þ 30mV. Similar results were observed on the
peak amplitude of the membrane currents (i.e. during the

initial 500ms of the pulse). In the presence of 10mM 4-AP,

mefenamic acid did not reduce the membrane currents. Given

this, we suggest that mefenamic acid seems to inhibit the 4-AP-

and voltage-sensitive membrane currents. Similarly, Lee &

Wang (1999) reported that fenamates inhibited the voltage-

dependent Kþ channels. The presence of 4-AP- and voltage-

sensitive Kþ currents has been reported in a wide variety of

smooth muscle (Bolton et al., 1999). In the present experi-

ments, we were not able to detect the 4-AP-sensitive Kþ

channels by use of single-channel recordings, and further

studies are needed to cast light upon the properties of 4-AP-

sensitive Kþ channels in pig urethra.

KATP channel openers and BKCa channel openers in
smooth muscle

Quite a few classes of synthesized compounds have been

introduced as potent Kþ channel activators in smooth muscle.

Surprisingly, KATP channel openers were initially reported to

enhance the activity of BKCa channels (cromakalim: Gelband

et al. (1990); cromakalim and pinacidil: Gelband et al. (1989),

Gelband & McCullough (1993); cromakalim and levcromaka-

lim ((�)-cromakalim: Carl et al. (1992)). Although these BKCa
channels have an intracellular ATP sensitivity, they are not

selectively inhibited by glibenclamide. Furthermore, in recom-

binant expressed studies, cromakalim had no effect on

heterologously expressed BKCa channels (Gribkoff et al.,

1996). Thus, it is generally believed that the target Kþ

channels for cromakalim are unlikely to be BKCa channels.

Recent molecular biological studies have revealed that KATP
channels are composed of at least two subunits: an inwardly

rectifying Kþ channel (Kir) which forms the ion pore, and a

sulphonylurea receptor (SUR), a member of the ATP-binding

cassette superfamily (reviewed by Quayle et al., 1997). To

identify these channels, it is essential to demonstrate that they

possess glibenclamide sensitivity. Some Kþ channel activators,

such as cromakalim, levcromakalim and pinacidil, have been

shown to open glibenclamide-sensitive KATP channels (30–

50 pS in 140mM Kþ symmetrical conditions) but not BKCa
channels in the smooth muscle (reviewed by Edwards &

Weston, 1993). On the other hand, selective BKCa channel

openers have also been reported in some vascular smooth

muscle (NS1619; Holland et al., 1996). In order to avoid

confusion regarding the designation of Kþ channel activators,

we suggest that openers of the glibenclamide-sensitive

KATP channel should be referred to as KATP channel

openers in smooth muscle, and the compounds that obviously

activate BKCa channels as BKCa channel openers. Using

these definitions, mefenamic acid, uniquely, is both an

KATP channel opener and a BKCa channel opener, and is

the only recorded compound which demonstrates such

a clearly agonistic action on two distinctly different types

of Kþ channels which are revealed by single-channel

recordings.

Figure 8 The effects of 300 mM mefenamic acid on the membrane currents in the presence of 10mM 4-AP and 5 mM glibenclamide.
The holding potential was �50mV, the bath contained 5mM Kþ PSS, and the pipette solution was 140mM KCl containing 5mM
EGTA. Note that 5 mM glibenclamide was present in the bath solution throughout the experimental protocol. (a) The vertical
deflections indicate ramp potential pulses (see the inset). The dashed line indicates the zero current level. (b) Current–voltage curves
measured from the negative-going limb (the falling phase) of the ramp pulse. Each symbol is the same as in the current trace (a). The
lines are mean membrane currents from the four ramps in each condition. (c) Net membrane currents. The mefenamic acid-induced
membrane current was obtained by subtraction of the mean ramp current recorded before, from that during application of 300 mM
mefenamic acid in the presence of 10mM 4-AP. The IbTX-sensitive membrane current was obtained by subtraction of the
membrane currents in the absence and presence of IbTX when 300 mM mefenamic acid was present in the bath solution.
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Effect of mefenamic acid on STOCs

In smooth muscle, STOCs are thought to be carried by Kþ ,

due to the opening of BKCa channels in response to a highly

localized cytozolic elevation of Ca2þ released from intracel-

lular Ca2þ stores (Benham & Bolton, 1986). In rabbit portal

vein, Greenwood & Large (1995) reported that fenamates

(X100mM) inhibited STOCs in a concentration-dependent
manner and induced TEAþ -sensitive outward currents. How-

ever, in the present experiments, we have been able to

demonstrate that mefenamic acid possesses a dual effect on

STOCs, depending on its concentration. Namely, low con-

centrations of mefenamic acid (p30 mM) enhanced the
amplitude and the frequency of STOCs. In contrast, high

concentrations of mefenamic acid (X100mM) induced an
IbTX-sensitive sustained noisy outward current, associated

with a decrease in STOC amplitude in a concentration-

dependent manner. We suggest that the stimulatory effects of

mefanemic acid on BKCa channels would be stronger than the

activation of BKCa channels by cytosolic Ca
2þ . We suggest

another possibility that mefanemic acid may also modulate

Ca2þ release from intracellular Ca2þ stores, decreasing the

amplitude and the frequency of STOCs. We are not certain

whether or not the different effects of mefenamic acid on

STOCs in rabbit portal vein and pig urethra are due to

different experimental conditions (such as different recording

modes, different membrane potentials, etc.), or are just

characteristic of the type of smooth muscle cell. Further

studies may elucidate the dual action of mefenamic acid on

STOCs.

Clinical implication and good clues for synthesizing novel
types of KATP channel openers

There is currently considerable interest in the potential of Kþ

channel openers for the treatment of urinary tract dysfunction

(unstable bladder, bladder outflow obstruction, etc., reviewed

by Andersson, 1993). Howe et al. (1995) reported that

ZD6169, a novel KATP channel opener, has in vivo selectivity

for the urinary bladder, without altering either the heart rate

or the mean arterial blood pressure. Recently, we have

demonstrated that ZD6169 possesses a dual effect on the

activity of KATP channels in pig urethra, suggesting that K
þ

channel openers may possess a tissue selectivity in the clinical

field (Teramoto et al., 2001a, b). The classes of Kþ channel

openers that are currently classified as KATP channel openers

are benzopyrans, pyridines, pyrimidines, benzothiadiazine and

butenoic acid, although until further data on their mode/site of

action are available, arbitrary (Edwards & Weston, 1993). In

the present experiments, we indicate that mefenamic acid acts

as an KATP channel opener and a BKCa channel opener in pig

urethra. This might provide useful information for the

synthesis of novel types of Kþ channel opener and mefenamic

acid may serve as a useful prototype for designing more

selective compounds for KATP channels as well as BKCa
channel openers. Since these channels can be activated under

normal physiological conditions around the resting membrane

potential (Teramoto et al., 1997), they represent a significant

target for the treatment of various urinary tract dysfunctions

such as urge incontinence in urinary bladder and bladder

outflow obstruction in urethra.

In conclusion, we have been able to demonstrate that

mefenamic acid not only induces the opening of KATP channel

but also activates BKCa channels, using single-channel record-

ings in freshly dispersed pig urethral smooth muscle cells.
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