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Abstract

Electrophysiological and pharmacological properties of the pinacidil-induced K� currents
in isolated cells from pig urethra were investigated using patch-clamp techniques.

Pinacidil (100mM) induced an outward current at ÿ50 mV which gradually decreased.
Under current-clamp conditions, 100mM pinacidil induced a hyperpolarization that was
sustained. This suggests that activation of only a few channels can hyperpolarize the
membrane. At a holding potential of ÿ50 mV, glibenclamide inhibited the pinacidil-
induced current with a single exponential time course.

Unitary current recordings in symmetrical 140 mM K� conditions demonstrated that
pinacidil activates a 43-pS, glibenclamide-sensitive K� channel (i.e. KATP channel).
Analysis of the basal noise of the pinacidil-induced macroscopic currents from ÿ90 mV to
ÿ30 mV yielded estimates of channel conductance (6 pS) which were much smaller, and
probably an underestimate.

These results indicate that pinacidil induces a glibenclamide-sensitive K� current
through only one type of K� channel (KATP channel) in pig urethra.

Pinacidil, one of the most well-known and potent
K�-channel openers, has been utilized for func-
tional studies of channel-opening kinetics ever
since its synthesis as an antihypertensive agent
(Petersen et al 1978). In vascular smooth muscle, it
has been clearly shown that pinacidil selectively
activates either intracellular Ca2�-activated large
conductance K� channels (BKCa, maxi K� chan-
nels etc.) or intracellular Ca2�-insensitive smaller
conductance K� channels (ATP-sensitive K�

channels: KATP channels, nucleoside-diphosphate-
sensitive K� channels: KNDP channels etc.; Quayle
et al 1997). Recently, pinacidil has been described
as a non-selective K�-channel opener, targeting
both maxi K� channels and KATP channels in
human coronary artery (Bychkov et al 1997).
Despite the common vasodilator action of pinacidil,
it still remains uncertain whether or not the dif-
ferent target K� channels arise from different
experimental conditions or are species-dependent
even in vascular smooth muscle. The potent

relaxant effects of pinacidil on nonvascular smooth
muscles in intact tissues have also been widely
investigated (guinea-pig ileum, Sun & Benishin
(1994); rat intestine, Davies et al (1996); guinea-
pig detrusor, Gopalakrishnan et al (1999); pig
urethra, Teramoto & Ito (1999)) and a possible
clinical role for pinacidil in several diseases has
been suggested (Andersson 1992). Therefore, we
believe that direct investigations of the effects of
pinacidil are essential in non-vascular smooth
muscle as well as in vascular smooth muscle.

This study was designed to identify the target K�

channels for pinacidil in pig urethral smooth mus-
cle. We have reported the presence in this tissue of
ATP-sensitive 43-pS K� channels which are sup-
pressed by glibenclamide (KATP channel; Teramoto
et al 1997), and were interested to see if these were
the target. We also wished to compare the time
course of the pinacidil-induced K� currents in
voltage-clamp experiments, with that of the pina-
cidil-induced hyperpolarization in current-clamp
mode. Furthermore, we discuss the possibility that
noise analysis may underestimate channel con-
ductance of the pinacidil-induced K� currents in
whole-cell con®guration in comparison with the

Correspondence: N. Teramoto, Department of Pharmaco-
logy, Graduate School of Medical Sciences, Kyushu Univer-
sity, Fukuoka, 812-8582, Japan.
E-Mail: noritera@linne.med.kyushu-u.ac.jp



direct measurement of the channel conductance in
single-channel recordings.

Materials and Methods

Solutions and drugs
In whole-cell con®guration, the following solutions
were used: physiological salt solution (PSS) con-
taining (mM): Na� 140, K� 5, Mg2� 1�2, Ca2� 2,
glucose 5, Clÿ 151�4, HEPES 10, titrated to
pH 7�35±7�4 with Tris base; pipette solution con-
taining (mM): K� 140, Clÿ 140, 5 EGTA, 10
HEPES=Tris (pH 7�35±7�4). For single-channel
recording, the pipette and bath solution was a high-
K� solution (mM): K� 140, Clÿ 140, EGTA 5,
glucose 5, HEPES 10=Tris (pH 7�35±7�4) produ-
cing symmetrical 140 mM K� conditions. Glib-
enclamide (Sigma-Aldrich Japan K.K., Tokyo,
Japan), pinacidil (RBI Chemicals Ltd, MN) and
levcromakalim (kindly provided by SmithKline
Beecham Pharmaceuticals, Harlow, UK) were
prepared daily in DMSO as a stock solution
(100 mM; 0�1% DMSO did not affect the K�

channels). Adenosine 50-diphosphate (ADP), gua-
nosine 50-diphosphate (GDP), inosine 50-dipho-
sphate (IDP) and uridine 50-diphosphate (UDP)
were added as the relevant sodium salt and 100 mM

stock solutions of these were titrated to pH 7�4 and
frozen at ÿ70�C. Dilution of the stock solution was
made immediately before application. Nucleotide
diphosphates were purchased from Sigma-Aldrich
Japan K.K. (Tokyo, Japan).

Cell preparation and recording procedure
Fresh female pig urethra, still attached to its blad-
der, was collected from a local abattoir and trans-
ported to the laboratory in cold PSS solution. The
proximal region of the pig urethra (1±2 cm region
from the bladder neck) was excised and the con-
nective tissue and mucosa removed under a dis-
section microscope. An identical cell dispersion
method was employed as described previously
(Teramoto et al 1997). Relaxed spindle-shaped
cells, length 200±400 mm, were isolated and stored
at 4±6�C. The dispersed cells were normally used
for experiments within 3 h of dispersion. The patch-
clamp experimental system used was essentially the
same as that described previously (21±23�C, Tera-
moto et al (2000)). In short, generation of voltage
pulses was performed using an L=M-EPC 8 patch-
clamp ampli®er (HEKA, Lambrecht, Germany) in
conjunction with a circuit board which had both
an analogue-to-digital and a digital-to-analogue
conversion function (ITC-16, Instrutech Corp.,
New York, US), using a Pulse software package

(HEKA, Lambrecht, Germany). The sampled cur-
rent data were ®ltered at 10 kHz and stored together
with potential records on videotape using a digital
data recorder (VR-10B, Instrutech Corp., New
York, US) coupled to a video recorder (Panasonic,
Tokyo, Japan) for subsequent off-line analysis.
Junction potentials between bath and pipette solu-
tions were measured using a 3 M KCl reference
electrode and were < 2 mV, so that correction for
these potentials was not made.

Data analysis in patch-clamp experiments
For display purpose, the whole-cell current data
were low-pass ®ltered at 500 Hz by a ®lter (E-
3201B, NF Electronic Instruments, Yokohama,
Japan), sampled at 25 ms and analysed on a com-
puter by use of the MacLab 3.5.6. For measuring
the current noise, we used programs provided by Dr
J. Dempster (University of Strathclyde, UK) to
measure mean current and variance of 250 ms
segments of recording ®ltered at 2 kHz (8-pole
Butterworth) and sampled at 4 kHz. For single-
channel recording, the stored data were low-pass
®ltered at 2 kHz and sampled into the computer
with an interval of 80 ms using the PAT program
(kindly provided by Dr J. Dempster). The all-point
amplitude histogram was obtained from a con-
tinuous recording of 2 min and ®tted with the
Gaussian distribution function using a least-squares
®tting. Continuous traces in the ®gures (> 4 s) were
obtained from records ®ltered at 500 Hz for pre-
sentation. Statistical analyses were performed with
an analysis of variance test (two-factor with repli-
cation). Changes were considered signi®cant at
P< 0�01, and data are expressed as mean� s.d.

Results

Properties of the pinacidil-induced K� currents in
pig urethra
The properties of the pinacidil-induced K� currents
were studied using whole-cell voltage-clamp tech-
niques. To obtain both the current±voltage (I±V)
relationships in the absence and presence of pina-
cidil, and the reversal potential of the pinacidil-
induced current, voltage ramps were applied (see
inset in Figure 1A) and the extracellular K� con-
centration ([K�]o) was changed by the iso-osmotic
substitution of Na�. In the absence of pinacidil
(control), I±V relationships were obtained ®rst in
5 mM K� and then in 60 mM K� and then back in
5 mM K�. Pinacidil (100mM) was then added to the
bath solution (5 mM K�), causing a sustained out-
ward current, which reversed to an inward current
on raising [K�]o to 60 mM. On returning to 5 mM
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[K�]o, the pinacidil-induced current again became
outward. The current was suppressed by application
of 5mM glibenclamide. Figure 1B shows the aver-
age of the six ramp currents before and during
application of 100 mM pinacidil (5 mM K�, 60 mM

K�) for the cell shown in Figure 1A. In each [K�]o

condition, the net membrane current activated by
100 mM pinacidil was obtained by subtraction of the
averaged control current from the mean pinacidil-
induced current (Figure 1C). The reversal potential
of the pinacidil-induced membrane current in this
cell was ÿ76 mV in 5 mM K� (mean value from 6
experiments, ÿ78� 3 mV), and ÿ15 mV in 60 mM

K� (mean value from 6 experiments, ÿ17� 3 mV).
These values were close to the theoretical K�

equilibrium potential (EK) in each [K�]o condition
(5 mM K�, EK�ÿ84�2 mV; 60 mM K�,
EK�ÿ21�4 mV). These results suggest that the
pinacidil-induced membrane currents are mainly

carried by K�, through channels which are sensi-
tive to glibenclamide.

To investigate further the inhibitory effects of
glibenclamide on the pinacidil-induced membrane
currents, conventional whole-cell recordings were
performed in symmetrical 140 mM K� conditions
(bath solution 140 mM K� PSS, pipette solution
140 mM KCl containing 5 mM EGTA, EK� 0 mV)
at a holding potential of ÿ50 mV to enhance the
peak amplitude of the currents. Figure 2A shows an
example of the effects of glibenclamide on the
100 mM pinacidil-induced inward membrane cur-
rent. In an attempt to investigate the time course of
the inhibitory action of glibenclamide, we plotted
the current amplitude against time after application
of 5 mM glibenclamide using a concentration-jump
method. The inhibitory time course could be ®tted
with a single exponential (Figure 2B), with a time
constant of 33� 9 s (n� 5).

Figure 1. Properties of the pinacidil-induced membrane current in whole-cell recording at ÿ50 mV. A. Membrane currents
recorded in PSS and in 60 mM K� PSS, in the absence and presence of 100 mM pinacidil. Vertical lines indicate currents induced by
ramp potentials from ÿ120 mV to 0 mV for 600 ms, after a 300 ms conditioning pulse to ÿ120 mV (see inset). Pinacidil in PSS
induced an outward current, which became inward when [K�]o was raised from 5 mM (d) to 60 mM (j), indicating a selective K�

permeability. Application of 5mM glibenclamide suppressed the 100mM pinacidil-induced current. The dashed line indicates the
zero-current level. Similar observations were obtained in ®ve other cells. B. The mean ramp membrane currents on an expanded
time scale in several conditions. Each symbol is the same as in A. Pinacidil (100 mM) shifted the potential at which the averaged
ramp current crossed the zero current level from ÿ35 mV (s) to ÿ68 mV (d). When [K�]o was raised to 60 mM, the mean ramp
current changed sign at ÿ19 mV (u). In the presence of pinacidil, the averaged ramp membrane current intersected at ÿ21 mV (j).
C. Net membrane currents evoked by pinacidil when [K�]i was either 5 mM or 60 mM. The reversal potential of pinacidil-induced
current in 60 mM K� was ÿ15 mV.
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Different time courses between the pinacidil-
induced outward current and
hyperpolarization in pig urethra
The outward current induced by pinacidil will lead
to membrane hyperpolarization under normal con-
ditions. We compared the time courses of the
pinacidil-induced outward current and hyperpolar-
ization using the conventional whole-cell con®g-
uration in quasi-physiological K� conditions
(pipette solution, 140 mM KCl containing 5 mM

EGTA; bath solution, 5 mM K� PSS), and voltage-
clamp mode to measure membrane current and
current-clamp mode to measure membrane poten-
tial. In voltage-clamp mode, application of 100 M

pinacidil using a concentration-jump technique
caused an immediate outward current (Figure 3A).
The peak amplitude of the pinacidil-induced out-
ward currents increased in a concentration-depen-
dent manner (10mM, 34� 13 pA, n� 8; 100 mM,
95� 20 pA, n� 18). After reaching a peak, the

amplitude of the current at ÿ50 mV gradually
decreased even in the presence of pinacidil,
reaching a value of 22� 6% (n� 8) of the peak
amplitude after approximately 20 min. In current-
clamp mode, 100mM pinacidil induced a large
hyperpolarization from approximately ÿ37 mV
(control, ÿ37� 2 mV, n� 16) to ÿ82 mV, a value
close to EK under the present experimental condi-
tions. In contrast to the decreasing current, the
hyperpolarization was relatively stable. As shown
in Figure 3B, the membrane potential had only
fallen by about 6% to ÿ77 mV (ÿ78� 4 mV, n� 8)
even after 20 min. Application of 10mM pinacidil
caused a small membrane hyperpolarization (to
ÿ52� 5 mV, n� 6) and the hyperpolarization
increased in a concentration-dependent manner
(30 mM, ÿ70� 3 mV, n� 4). The pinacidil-induced
hyperpolarization remained stable as long as pina-
cidil was present.

To investigate the discrepancy in time course of
hyperpolarization and outward current, both the
peak amplitude of the membrane current and the
value of the membrane potential were measured
using the same cells (Figure 3C). In this experiment,
100 mM pinacidil was applied for 3 min repeatedly
at ÿ50 mV, evoking an outward current, the peak
amplitude of which declined progressively with
each application. During each application, when
the amplitude of the pinacidil-induced outward
current had reached a sustained value, the recording
was temporarily shifted to current-clamp mode for
20 s to measure mean membrane potential in the
presence of pinacidil. On removal of pinacidil, the
membrane current gradually recovered to the con-
trol level. During the ®rst three applications of
pinacidil, the mean amplitude of the pinacidil-
induced hyperpolarization remained at approxi-
mately ÿ72 mV, in spite of the dramatic decline in
the peak current amplitude.

Noise analysis of the pinacidil-induced inward
membrane currents in pig urethra
Noise analysis of macroscopic currents has fre-
quently been used to estimate the unitary con-
ductance of channels that underlie the macroscopic
current. We applied this procedure to estimate
channel conductance of the unitary currents which
underlie the pinacidil-induced macroscopic cur-
rents. Increase in current noise was evoked by
application of pinacidil in a conventional whole-
cell con®guration (symmetrical 140 mM K� con-
ditions). Figure 4A shows a typical trace of the
pinacidil-induced noisy inward membrane current
at a holding potential of ÿ70 mV. Pinacidil-
induced changes in variance and mean current were
obtained by subtracting values of these two para-

Figure 2. Inhibitory time course of the glibenclamide-sensi-
tive inward currents in pig urethra. A. Inhibitory effects of
5 mM glibenclamide on the 100mM pinacidil-induced inward
current at ÿ50 mV in symmetrical 140 mM K� conditions.
Inhibitory effects of 5mM glibenclamide on the 100 mM pina-
cidil-induced inward current. The dashed line indicates the
zero current level. B. The expanded ®tting trace of the
glibenclamide-induced inhibitory time course. A single expo-
nential (solid line) was ®tted to the current decay between time
zero (start of application of glibenclamide) and time� 1116 s; I
(t)� I0� Ia exp (ÿt=ta); where I0�ÿ29 pA, Ia�ÿ1410 pA
and ta� 35 s, respectively. The solid line indicates the expo-
nential ®tting. The abscissa shows the amplitude of the inward
current (pA) and the ordinate the duration of application of
glibenclamide (s) on a logarithmic scale. The membrane
current was ®ltered through 2 kHz and the duration of the
sampling time was 25 ms.
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Figure 3. The time course of 100 mM pinacidil-induced outward membrane current and hyperpolarization with two different
modes (current-clamp mode and voltage-clamp con®guration) in single isolated smooth muscle cells of pig proximal urethra. A.
Effects of 100 mM pinacidil (20 min duration of application) on membrane potential in current-clamp mode. B. Effects of 100 mM

pinacidil (20 min duration) on membrane current in voltage-clamp con®guration at ÿ50 mV. The dashed line indicates the zero-
current level. C. The effects of repeated application of 100 mM pinacidil (3 min) on both the membrane current and membrane
potential in the same urethral myocytes. Just before application of pinacidil (control; s), average membrane potential was obtained
by use of current-clamp mode for 20 s, indicated by the vertical de¯ections. At nearly peak amplitude of membrane current,
voltage-clamp mode was shifted to current-clamp mode for 20 s (the vertical de¯ections) to record the membrane potential (d) in
the presence of pinacidil. The dashed line indicates the zero-current level. Time 0 indicates the start of the membrane current
recording. Each symbol shows the mean of 4±5 observations with s.d. when greater than the size of the symbol. *P< 0�01, vs the
®rst application of pinacidil; {P< 0�01, vs control.
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meters made in the absence of pinacidil from those
made in its presence, and ®tting with the hyperbolic
function of the form:

s2 � iIÿ I2=N �1�
where i is the unitary current, s2 is the variance of
the macroscopic current, I is the mean macroscopic
current, and N is the number of channels. With this
symmetrical K� gradient, the estimated mean uni-
tary current was 0�4 pA at a holding membrane
potential of ÿ70 mV (n� 7, Figure 4B). Similar
experiments were performed at each holding
membrane potential (10 mV increments from
ÿ90 mV to ÿ30 mV, n� 5±7), obtaining a slope
conductance from the I-V relationships (6 pS,
Figure 4C).

Single-channel recordings of pinacidil-activated
glibenclamide-sensitive K� channel in pig urethra
The unitary-channel conductance estimated from
noise analysis was much less than the single-
channel conductance of the KATP channel we had
previously studied in pig urethra using single-

channel recordings (Teramoto et al 1997). We
therefore used cell-attached patches to examine
more directly the single-channel properties of the
pinacidil-activated channels.

Figure 5A shows the channel records at the
indicated membrane potentials. Figure 5B shows
the I±V relationships, revealing that the reversal
potential is approximately 0 mV (i.e., symmetrical
140 mM K� conditions, EK� 0 mV) and that the
conductance of the small amplitude channel is
approximately 43 pS (43�2� 0�6 pS, n� 8). Addi-
tional application of 10mM glibenclamide rever-
sibly suppressed the activity of the channel (Figure
5C), while excision of the membrane patch resulted
in a rapid run-down in the opening activity of
channels at ÿ50 mV. To investigate the effects of
nucleotide diphosphate on the glibenclamide-
sensitive 43-pS K� channel, we utilized uridine
50-diphosphate (UDP), one of the most potent
nucleotide diphosphates for activating the KATP

channel (Teramoto et al 1997). Figure 5D shows
that, after the run-down was complete, application
of 1 mM UDP to the inner surface of the membrane

Figure 4. Noise analysis of the pinacidil-activated K� currents (conventional whole-cell recording, symmetrical 140 mM K�

conditions. A. Trace of pinacidil-induced membrane current at ÿ70 mV. The dashed line indicates the zero-current level. B.
Analysis of the current noise seen in A when 100 mM pinacidil was present in the bath. Current was split into 250-ms blocks,
sampled at 4 kHz, and digitally ®ltered at 2 kHz. The ®tting curve (see text) gave estimates for i of 0�4 pA and a value for N of 9191
by the least-squares method. C. I-V relationships of the K� channel underlying the pinacidil-induced K� currents. Mean amplitude
of the unitary current at each membrane potential was obtained from noise analysis of the pinacidil-induced macroscopic currents
(n� 5±7). The line was ®tted by the least-squares method. A roughly estimated slope conductance was approximately 6 pS.
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patch reactivated the channel when 100 mM pina-
cidil was present in the bath. Other nucleotide
diphosphates (such as ADP, GDP, IDP etc. at
1 mM) reactivated the same amplitude K� channel
in a similar manner (data not shown). The proper-
ties of the pinacidil-activated channels are thus
identical to those of KATP channels.

Discussion

The effects of pinacidil on the glibenclamide-
sensitive KATP currents in
smooth muscle
Using the results of single-channel recording, it has
been reported that pinacidil activates K� channels
that demonstrate a wide variation of pharmaco-
logical and physiological properties, and in vas-
cular smooth muscle these can be subdivided into
three main groups by the size and properties of
channel conductance: intracellular Ca2�-activated
large conductance K� channels (200±250 pS in
symmetrical 140 mM K� conditions, neonatal rat
azygos vein (Hermsmeyer 1988a), rat caudal artery

(Hermsmeyer 1988b), rat basilar artery (Stock-
bridge et al 1991), rabbit aorta (Gelband &
McCullough (1993), human coronary artery
(Bychkov et al 1997)), intracellular Ca2�-insensi-
tive smaller conductance KATP channels (26±50 pS
in symmetrical 140 mM K� conditions, rabbit portal
vein (Kamouchi & Kitamura 1994), rat portal vein
(Zhang & Bolton 1996), human coronary artery
(Bychkov et al 1997)) and intracellular Ca2�-
insensitive smaller conductance KATP channels
(20 pS, rat mesenteric artery (Zhang & Bolton
1995), 22 pS, middle K� channel (MK), rat portal
vein (Zhang & Bolton 1996)). One of the common
pharmacological properties shared by most of these
channels is their sensitivity to inhibition by glib-
enclamide (10±100mM). Recent molecular biolo-
gical and molecular genetic studies of KATP

channels have revealed that native KATP channels
appear to be a complex of at least two regulatory
proteins containing a sulphonylurea receptor
(SUR)-binding site(s) for sulphonylurea drugs and
an inward-rectifying K� channel (Kir channel)
serving as a pore-forming subunit (Inagaki et al
1995). Thus, it is generally established that sul-

Figure 5. Characterization of the 100mM pinacidil-induced K� channel using a cell-attached patch in symmetrical 140 mM K�

conditions. The membrane potential was held at ÿ50 mV. The dashed line indicates the current base line where the channel is not
open. A. Traces are channel activities recorded from the same membrane patch at the indicated membrane potentials in the
presence of 100 mM pinacidil. B. Relationships between the holding membrane potential and the amplitude of the single-channel
current. The amplitude of the K�-channel current was taken from the all-points amplitude histograms for 30 s. The line was ®tted
by the least-squares method. The channel conductance was 42�7 pS (43�2� 0�6 pS, n� 8). C. In the presence of 100mM pinacidil,
10 mM glibenclamide reversibly inhibits the pinacidil-induced K� channel. D. After patch excision (inside-out con®guration) at the
arrow, run-down of the 43-pS K� channel immediately occurred even in the presence of 100 mM pinacidil (in the bath). UDP
(1 mM) reactivated the channel.
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phonylureas (such as tolbutamide, glibenclamide
etc.) have been considered a selective blocker for
SURs in KATP channels. However, Zhang & Bolton
(1996) reported the presence of two signi®cantly
different types of pinacidil-induced K� channels in
rat portal vein, which were inhibited by glib-
enclamide with a different potency. Therefore,
there still remains considerable uncertainty about
which pinacidil-induced K� channels are respon-
sible for the functional and pharmacological prop-
erties of pinacidil (such as intracellular Ca2�

sensitivity, nucleotide-diphosphate-sensitivity and
ATP-sensitivity) even in vascular smooth muscles.

In our experiments, the effects of pinacidil on the
membrane currents in pig urethra are similar to
those reported for levcromakalim in several
respects (Teramoto et al 1997). Firstly, the pinaci-
dil-induced K� current is blocked by subsequent
application of 5 mM glibenclamide. Secondly,
pinacidil selectively activates the 43-pS KATP

channel. Thirdly, application of nucleotide diphos-
phate to the internal side of the excised membrane
patch reactivates the KATP channel after run-down
is complete, demonstrating a clear nucleotide
diphosphate-sensitivity, which is one of the most
important channel properties in KATP channels
(reviewed by Quayle et al 1997). These direct
observations strongly suggest that pinacidil induces
the activation of KATP channels in pig urethra.
Furthermore, the fact that the time course of the
inhibitory effects of glibenclamide on the pinacidil-
induced inward membrane current at ÿ50 mV were
well-®tted by a single exponential suggests that
glibenclamide is binding to a single site, inhibiting
a single function of the sulphonylurea receptor in
pig urethra. Similar results were observed in the
levcromakalim-induced membrane currents in pig
urethra (Teramoto et al 1998). Thus, although
pinacidil activates two different types of K�

channel in some vascular smooth muscle cells (rat
portal vein (Zhang & Bolton 1996); human coro-
nary artery (Bychkov et al 1997)), it is likely that in
pig urethra, KATP channel is the only target K�

channel for pinacidil at the resting membrane
potential. Our results are also supported by our
previous observations that the pinacidil-induced
relaxation in pig urethra was selectively suppressed
by additional application of glibenclamide in ten-
sion recordings (Teramoto & Ito 1999).

Different time course between pinacidil-induced
outward K� currents and pinacidil-induced
hyperpolarization
In conventional whole-cell recording, the gradual
decay of KATP channel opener-induced membrane

current has been commonly observed in a wide
variety of dispersed smooth muscle cells including
pig urethra (rabbit portal vein (Russell et al 1992),
guinea-pig urinary bladder (Bonev & Nelson 1993),
human coronary artery (Bychkov et al 1997), pig
urethra (Teramoto et al 1997)). On the other hand,
the KATP-channel-opener-induced membrane cur-
rent was better maintained with nystatin perforated
patch whole-cell recording, suggesting the possi-
bility that some intracellular organic molecules or
metabolic regulators, lost by diffusion during
whole-cell recordings, may be necessary to main-
tain the membrane current evoked by a KATP-
channel opener in pig urethra (Teramoto et al
1997). In these experiments, we have demonstrated
that despite the current decay, the pinacidil-induced
hyperpolarization was sustained (ÿ82 to ÿ75 mV)
even in the same urethral myocytes. Since in the
same cells, the peak amplitude of the pinacidil-
induced KATP current was signi®cantly reduced
without loss of hyper-
polarization, despite the fact that the total number
of the pinacidil-stimulating KATP channel may
decrease or run-down, the results strongly suggest
that a stable and maximal hyperpolarization may be
maintained by only a small number of the pinacidil-
induced KATP channels in pig urethra.

Channel conductance and the channel density
underlying K�ATP channel-opener-induced K�

currents by use of noise analysis
The unitary current conductance and density of

the channels underlying KATP channel opener-
induced macroscopic current have been estimated
from the basal noise of the membrane current
recording in a wide variety of smooth muscle cells
(urinary bladder (Bonev & Nelson 1993), coronary
artery (Bychkov et al 1997), A10 cells, a cell line
derived from rat thoracic aorta (Russ et al 1997)). It
is well-known that KATP channels are inwardly
rectifying in their unitary current amplitude
(reviewed by Quayle et al 1997). Nevertheless,
most of the noise analyses have been performed
using the ¯uctuations of KATP channel opener-
induced outward K� currents. Since the peak
amplitude of KATP channel opener-induced K�

currents in the above reports was quite small (less
than 50 pA), it is somewhat dif®cult to accurately
estimate channel conductance simply from the
traces of outward K� currents with a liner ®tting of
mean amplitude. We have reported a signi®cant
discrepancy of the estimated channel density
between the noise analysis of whole-cell recording
and the direct measurement of single-channel
recording in pig urethra (levcromakalim (Teramoto
et al 1997)). In our experiments, to compare further
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the two methods, we utilized the same experimental
solutions in two different con®gurations with the
same cells (symmetrical 140 mM K� conditions).
The channel conductance estimated from the basal
noise of the pinacidil-induced macroscopic currents
was much smaller than the value obtained from the
direct measurement of the unitary current record-
ings in pig urethra. Similarly, Dart & Standen
(1993) reported that noise analysis of the adeno-
sine-activated current gave an estimate for the
underlying urinary current which was lower than
the amplitude measured directly in pig coronary
artery. We are not certain why there is this dis-
crepancy between the different modes, but it is
well-known that intracellular ions (such as Mg2�,
Ca2� etc.) and intracellular pH readily modify the
size of the conductance in KATP channels. More-
over, since the measured variance can be reduced
both by low-pass ®ltering and by an insuf®cient
sample duration relative to the gating kinetics of
the underlying channels, noise analysis usually
gives an underestimate of unitary current (Silber-
berg & Magleby 1993). Thus, it seems plausible to
assume that the channel conductance estimated
from noise analysis in pig urethra may be too low.
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