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1 The e�ects of ZD6169, a novel K+ channel opener, on both membrane and unitary currents in
pig urethra were investigated using patch-clamp techniques. Its e�ect was also examined on currents
in inside-out patches of COS7 cells expressing carboxy terminus truncated inwardly rectifying K+

channel (Kir6.2) subunits (Kir6.2DC36) which form ATP-sensitive K+ channels (KATP channels).

2 In current-clamp mode, ZD6169 (410 mM) induced a concentration-dependent membrane
hyperpolarization. Higher concentrations (530 mM) caused a transient membrane hyperpolarization,
followed by a gradual membrane depolarization. On removal of ZD6169, an after hyperpolarization
was observed.

3 In conventional voltage-clamp con®guration, at 750 mV in symmetrical 140 mM K+ conditions,
ZD6169 (100 mM) caused a transient inward current which gradually decayed. Removal of ZD6169
evoked a much larger amplitude K+ current with a similar time course.

4 ZD6169 produced an inward glibenclamide-sensitive K+ current, demonstrating a bell-shaped
concentration-response relationship.

5 In cell-attached con®guration in symmetrical 140 mM K+ conditions, ZD6169 (430 mM)
activated an KATP channel which was reversibly suppressed by application of glibenclamide. In
contrast, ZD6169 (100 mM) inhibited the activity of the levcromakalim-induced KATP channels.

6 ZD6169 (100 mM) had no signi®cant e�ect on the channel activity of Kir6.2DC36 in inside-out
con®guration, although cibenzoline greatly suppressed the channel activity.

7 These results demonstrate that ZD6169 possesses a dual e�ect on the activity of the KATP

channel; activating at low concentration and inhibiting at higher concentration.
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Introduction

ZD6169, the S-enantiomer of the racemic compound N-
(4-benzoylphenyl) -3,3,3-tri¯uoro-2-hydroxy-2-methylpropion-
amide, induced a potent reduction of mechanical activity in

isolated guinea-pig detrusor (Li et al., 1995). It has been
reported that ZD6169 shows in vivo selectivity for relaxing
detrusor smooth muscle over cardiovascular parameters (such

as heart rate, blood pressure etc.) in comparison with (+)-
cromakalim (Howe et al., 1995) and that ZD6169 induces ATP-
sensitive K+ currents (i.e. KATP currents) in guinea-pig urinary
bladder smooth muscle cells, leading to membrane hyperpolar-

ization and inhibition of the contractile force of the urinary
bladder (Li et al., 1995; Trivedi et al., 1995). Although the

detrusor-selectivity of ZD6169 makes it likely to be established
as a unique KATP channel opener, the target K+ channels for
ZD6169 in detrusor smooth muscle cells at normal resting

potential levels have not yet been identi®ed by use of single-
channel recordings. Moreover, since reduction in urethral
smooth muscle tone and thus urethral pressure would be

undesirable in a drug used to treat urinary bladder instability,
we have suggested that potential detrusor-selective KATP

channel openers should be screened against urethral as well
as vascular smooth muscle (Teramoto et al., 1997a). Therefore,

we believe that direct investigations of the e�ects of detrusor-
selective KATP channel openers on urethral myocytes are
essential to further consider ZD6169 as a possible KATP

channel opener for the treatment of unstable bladders.
We have investigated the e�ects of several types of KATP

channel openers on the ATP-sensitive K+ currents and
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channels in pig proximal urethral myocytes and demonstrated
the pharmacological and electrophysiological properties of
the ATP-sensitive K+ channel (i.e. KATP channel, Teramoto

et al., 1997b). The present study was designed to identify the
target K+ channels for ZD6169 by use of single-channel
recordings and to investigate a dual action exerted by
ZD6169 on the pig urethra. We discuss further the inhibitory

mechanisms of ZD6169 (100 mM) in COS7 cells expressing a
carboxy terminus truncated Kir6.2 (Kir6.2DC36) which can
form K+ channels in the absence of sulphonylurea receptors

(SURs).

Methods

Cell dispersion

Fresh urethra from female pigs was collected from a local
abattoir. Pig urethral myocytes were freshly isolated by the
gentle tapping method (Teramoto & Brading, 1996). Relaxed

spindle-shaped cells, with length varying between 400 and
500 mm, were isolated and stored at 48C. The dispersed cells
were normally used within 2 h for experiments.

Molecular biology

Kir6.2DC36, in which the last 36 amino acids were truncated
from the carboxy terminus (C-terminus), was constructed by
PCR, inserting a stop codon at the appropriate position.

Kir6.2DC36 was subcloned into the pCl vector which
contained the CMV-IE promoter/enhancer (Promega, Madi-
son, WI, U.S.A.). pEGFP-N1, enhanced ¯uorescent mutant
green ¯uorescent protein (GFP) driven by CMV-IE promo-

ter/enhancer, (Clontech, Palo Alto, CA, U.S.A.) was used as
a co-transfection member and the whole nucleotide sequence
of the PCR clone as expected was con®rmed by a DNA

sequencer.

Cell culture and transfection

COS7 cells were plated on coverslips at a density of 16105

per dish (35 mm in diameter) and cultured in Dulbecco's
modi®ed Eagle's medium supplemented with 10% foetal calf

serum. Two days later, a cocktail of pCl-Kir6.2DC36 and
pEGFP-N1 was co-transfected into the COS7 cells using
LipofectAMINE and Opti-MEM (Gibco BRL, Grand Island,

NY, U.S.A.) according to the manufacturer's instruction.
Electrophysiological measurements were usually conducted
2 ± 4 days after transfection.

Recording procedure

Patch-clamp experiments were performed at room tempera-
ture (21 ± 238C) as described previously (Teramoto et al.,
2000). Junction potentials between bath and pipette solutions
were measured with a 3 M KCl reference electrode and were

52 mV, so that correction for these potentials was not made.
Capacitance noise was kept to a minimum by maintaining the
test solution in the electrode as low as possible. At the

beginning of each experiment, the series resistance was
compensated. Transfected cells were identi®ed by green
¯uorescence under a microscope.

Drugs and solutions

For whole-cell recording, the following solutions were used:

physiological salt solution (PSS) containing (mM): Na+ 140,
K+ 5, Mg2+ 1.2, Ca2+ 2, glucose 5, Cl7 151.4, HEPES 10,
titrated to pH 7.35 ± 7.40 with Tris base (sometimes 140 mM

K+ PSS was obtained by replacing 135 mM Na+ with

equimolar K+); high potassium pipette solution containing
(mM): K+ 140, Cl7 140, glucose 5, EGTA 5, and HEPES 10/
Tris (pH 7.35 ± 7.40). For cell-attached recordings, the pipette

and bath solution were high potassium solution (mM): K+

140, Cl7 140, EGTA 5, glucose 5, HEPES 10/Tris (pH 7.35 ±
7.40) producing symmetrical 140 mM K+ conditions. For

recording the maxi K+ channels in inside-out con®guration,
the bath solution was initially (mM): K+ 140, Cl7 140, EGTA
5, glucose 5, HEPES 10/Tris (pH 7.35 ± 7.40), with varying

free intracellular concentration of Ca2+ ([Ca2+]i). The
concentrations of free [Ca2+] were calculated using the
commercial software `EQCAL' (Biosoft, Cambridge, U.K.).
ATP (3 mM) was occasionally included in the pipette

solution. Cells were allowed to settle in the small experi-
mental chamber (80 ml in volume). The bath solution was
superfused by gravity throughout the experiments at a rate of

2 ml min71. In some experiments, for rapid drug application,
the ¯ow pipe system (concentration-jump technique) was
used as described by Yellen (1982), recording the drug

application time as a trigger pulse on VHS tape with current
and voltage at the same time. All drugs were obtained from
Sigma Chemical (Sigma Chemical K.K., Tokyo, Japan).

Levcromakalim (SmithKline Beecham Pharmaceuticals, Har-
low, U.K.), ZD6169 (AstraZeneca Pharmaceuticals, Cheshire,
U.K.), cibenzoline (Fujisawa Pharmaceuticals, Osaka, Japan)
and glibenclamide were prepared daily as 100 mM stock

solutions in DMSO. The ®nal concentration of DMSO was
less than 0.3%, and this concentration was shown not to
a�ect K+ channels in pig urethra.

Data analysis and statistics

The whole-cell recording data were low-pass ®ltered at
500 Hz by an 8 pole Bessel ®lter (E-3201B, NF Electronic
Instruments, Yokohama, Japan), sampled at 25 ms intervals
and analysed on a computer (Macintosh PowerPC G3, Apple

Computer Japan Limited, Tokyo, Japan) by the commercial
software `MacLab 3.5.2' (ADInstruments Pty Ltd., Castle
Hill, Australia). For single-channel recordings, the stored

data were low-pass ®ltered at 2 kHz (73 dB) and sampled
into the computer with a digitalized interval of 80 ms using
`PAT' program (kindly provided by Dr J. Dempster, the

University of Strathclyde, U.K.); events briefer than 80 ms
were not included in the evaluation. Continuous traces in the
®gures were obtained from records ®ltered at 500 Hz for

presentation (digital sampling interval, 25 ms). Values for the
channel open state probability (Popen) were measured for
2 min or 30 s (Figure 9a),

NPo � �
XN
j�1

tj:j�=T

where tj is the time spent at each current level

corresponding to j=0, 1, 2,...N, T is the duration of the
recording, and N is taken as the maximum number of
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channels observed in the patch membrane where Popen was
relatively high. Data points were ®tted using a least-squares
®tting. Statistical analyses were performed with Student's t-

test for paired values. Changes were considered signi®cant
at P50.05. Data are expressed as mean with the standard
deviation (s.d.).

Results

ZD6169-induced hyperpolarization in pig urethral
myocytes

In Figure 1a, the e�ects of increasing concentrations of
ZD6169 (10 ± 100 mM) on the membrane potential are shown
in one cell in current-clamp mode (bath solution, 5 mM K+

physiological salt solution (PSS); pipette solution, 140 mM

KCl containing 5 mM EGTA). Application of 10 mM ZD6169
rapidly caused a stable hyperpolarization (from 737+4 to
774+4 mV, n=6). After wash-out of the drug, the

membrane potential gradually recovered to its previous level.
However, higher concentrations of ZD6169 (530 mM)
induced a biphasic change in the membrane potential,

namely, a transient hyperpolarization (30 mM, 779+3 mV,
n=6; 100 mM, 780+2 mV, n=6), followed by a signi®cant
depolarization during the continuous presence of ZD6169.

On removal of the drug, a rapid after hyperpolarization
occurred (30 mM, 776+3 mV, n=6; 100 mM, 778+2 mV,
n=6) which then gradually recovered to the control level.
Figure 1b summarizes the relationships between the values of

the ZD6169-induced membrane potentials (the peak ampli-
tude of the hyperpolarization and mean value of the
membrane potential just before wash-out) and the concentra-

tion of ZD6169. Using other cells, after 10 min continuous
application of ZD6169, mean value of the ZD6169-induced
membrane potential was also measured at each concentration

of ZD6169 (Figure 1b, n=6). Figure 1c shows that the 10 mM
ZD6169-induced hyperpolarization was markedly inhibited
by additional application of 1 mM glibenclamide. Similar

observations were obtained in four other cells. In Figure 1d,
bath application of ZD6169 (100 mM) caused a transient
hyperpolarization. When ZD6169 was removed, the after
hyperpolarization was also suppressed by pretreatment of

1 mM glibenclamide (n=7). These results indicate that the
hyperpolarization evoked by application and removal of
ZD6169 are due to an activation of glibenclamide-sensitive

Figure 1 Dual action of ZD6169 on the membrane potential of dispersed urethral smooth muscle cells (whole-cell recordings,
current-clamp mode). The bath contained 5 mM K+ PSS and the pipette solution was 140 mM KCl containing 5 mM EGTA. (a)
E�ects on the membrane potential of ZD6169 (10, 30 and 100 mM) applied using the concentration-jump method. Data were
obtained from the same cell. (b) Concentration-response relationships for the e�ects of ZD6169 on membrane potential. Control
indicates the condition just before the application of ZD6169. The amplitude of the membrane potential was measured as the peak
amplitude of the ZD6169-induced hyperpolarization (open circles) and the mean value (20 s duration) of the membrane potential
just before wash-out of each concentration of ZD6169 (®lled circles) as shown in the traces for (a). Filled squares show the mean
value (20 s duration) of the ZD6169-induced membrane potential measured after 10 mins application. At higher concentrations of
ZD6169 (530 mM), there was a signi®cant di�erence between the peak amplitude of the ZD6169-induced hyperpolarization and
mean value of the ZD6169-induced membrane potentials (**t-test, P50.01). Each symbol shows the mean of six observations with
s.d. (c) The hyperpolarization induced by 10 mM ZD6169 was blocked by 1 mM glibenclamide. (d) The 100 mM ZD6169-induced
rapid after hyperpolarization was suppressed by pretreatment of 1 mM glibenclamide when ZD6169 was removed.
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mechanisms and that ZD6169 possesses a dual action (an
activation and inhibition) on the membrane potential,
depending upon its concentration.

ZD6169-induced glibenclamide-sensitive current in pig
urethra

To investigate further the mechanisms involved in the
ZD6169-induced hyperpolarization, whole-cell voltage-clamp
experiments were performed at a holding potential of

750 mV (bath solution, 140 mM K+ PSS; pipette solution,
140 mM KCl solution containing 5 mM EGTA; i.e., symme-
trical 140 mM K+ conditions). As shown in Figure 2a,

application of ZD6169 (20 mM) caused an inward current
which was suppressed by application of 5 mM glibenclamide.
Before and during application of 20 mM ZD6169, current-

voltage (I-V) relationships were obtained by applying four
ramp pulses (from 7120 to +80 mV for 1 s duration, see
inset in Figure 2a) every 15 s at 750 mV (Figure 2b). The
net membrane current activated by 20 mM ZD6169 was

obtained by subtracting the averaged control current from
the mean ZD6169-induced current, demonstrating an in-
wardly rectifying property (Figure 2c). The reversal potential

of the ZD6169-induced membrane current in this cell in
symmetrical 140 mM K+ conditions was approximately 0 mV

(0+1 mV, n=6). This value was very close to EK in the
present experimental conditions (EK=0 mV). When 3 mM

ATP was added to the pipette solution, the peak amplitude of

the ZD6169 (20 mM)-induced current was much smaller
(17+8 pA, n=4 with ATP versus 205+29 pA, n=4 without
ATP). This small inward current was also suppressed by
additional application of 5 mM glibenclamide (data not

shown). These results suggest that the ZD6169-induced
membrane currents are carried mainly by K+ through
channels that are inhibited by glibenclamide and intracellular

ATP.

Time course of 100 mM ZD6169-induced membrane
currents

Figure 3a shows a typical time course of 100 mM ZD6169-

induced membrane current in symmetrical 140 mM K+

conditions at 750 mV. When 100 mM ZD6169 was applied
by a concentration jump technique, ZD6169 induced a
transient inward current (205+50 pA, n=4) which gradu-

ally recovered to the original level. On removal, the basal
current was transiently increased, followed by a gradual
recovery to the control level after approximately 3 min.

Similar observations were obtained in eight other cells (the
peak amplitude, 460+170 pA, n=8). In the same experi-

Figure 2 E�ects of glibenclamide on ZD6169-induced membrane currents in pig urethral myocytes (whole-cell recordings, voltage-
clamp mode). (a) Inhibitory e�ect of glibenclamide on the ZD6169-induced membrane current at a holding potential of 750 mV
(symmetrical 140 mM K+ conditions). The vertical lines are responses to triangular ramp potential pulses of 200 mV s71 from 7120
to +80 mV, applied after an initial 100 ms conditioning pulse to 7120 mV (see inset in (a), every 15 s). The dashed line indicates
the zero current level. (b) I-V curves measured from the negative-going limb (the falling phase) of the ramp pulse. The mean ramp
membrane currents on an expanded time scale under three conditions. Each symbol is the same as in (a). (c) Net membrane current
evoked by ZD6169 (20 mM). Net membrane current was obtained by subtraction of the two ramp membrane currents (shown in (b))
recorded before and during application of 20 mM ZD6169. The reversal potential of ZD6169-induced current was approximately
0 mV.
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ment, ramp pulses (see inset in Figure 2a) were applied at
15 s intervals in order to obtain I-V relationships in the

absence and presence of 100 mM ZD6169. Figure 3b shows
the ramp currents under various experimental conditions.
The 100 mM ZD6169-induced membrane current was

obtained by subtracting the averaged control current from
the peak membrane current in the presence of ZD6169
(Figure 3c). The net membrane current which was activated

after washing-out of ZD6169 was also obtained by
subtracting the membrane current after removal of
ZD6169 from the membrane current in the presence of

ZD6169, demonstrating an inwardly rectifying property at
positive potentials.
When the concentration of ZD6169 was increased in a

cumulative manner, the peak amplitude of the ZD6169-

induced basal membrane current at 750 mV ®rst increased
in a concentration-dependent manner up to 10 mM (Figure
4a). However, further application of ZD6169 (100 mM) caused

an inhibitory e�ect on the membrane current. On removal of
ZD6169, a transient inward current was elicited, gradually
declining to the control level. Figure 4b indicates the

relationships between the peak amplitude of the inward
current and the concentration of ZD6169, resulting in a bell-
shaped curve when ZD6169 was applied in a cumulative

manner. In contrast, single application of ZD6169 (530 mM)

elicited a transient inward current, followed by a gradual
decay of the membrane current.

Inhibitory effects of 100 mM ZD6169 on the
levcromakalim-induced glibenclamide-sensitive membrane
currents

The e�ect of ZD6169 on the levcromakalim-induced

membrane currents was investigated by applying additional
100 mM ZD6169 after the membrane current had been
maximally activated by 100 mM levcromakalim at 750mV.

As shown in Figure 5a, ZD6169 (100 mM) immediately
inhibited the levcromakalim-induced inward current to a
relative value of 0.02+0.01, (n=5, the amplitude of the
levcromakalim-induced inward K+ current just before

application of ZD6169 was taken as one, measuring from
the current level in the presence of 5 mM glibenclamide). On
removal of ZD6169, the amplitude of the levcromakalim-

induced current at 750 mV showed a gradual recovery
towards a steady state value that was much less than that of
the original level, but probably similar to the level that would

have occurred without application of ZD6169, due to run
down of the current under these experimental conditions
(Teramoto et al., 1997b). Subsequent application of 5 mM
glibenclamide suppressed the inward current to a value close

Figure 3 The e�ects of 100 mM ZD6169 on the membrane current in pig urethra (whole-cell recording, symmetrical 140 mM K+

conditions, holding potential, 750 mV). (a) The vertical de¯ections indicate triangular ramp potential pulses (see inset in Figure
2a). The dashed line indicates zero current line. (b) I-V curves measured from the negative-going limb (the falling phase) of the ramp
pulse in several conditions. Each symbol is the same as in (a). (c) Net current component in each condition, obtained by subtraction
of the two ramp membrane currents (shown in (b)) recorded before and during application of 100 mM ZD6169. On removal of
100 mM ZD6169, the amplitude of the basal membrane current was transiently enhanced (the peak amplitude, 637 pA). The reversal
potential of wash-out component was 71 mV, very close to the calculated EK value, and the current demonstrated an inwardly
rectifying property.
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to that seen in the presence of ZD6169. These observations

show that ZD6169 possesses an antagonistic action on the
levcromakalim-induced glibenclamide-sensitive membrane
currents.

In the same experiment, eight triangular ramp potential
pulses (see inset in Figure 2a) were applied in order to obtain
I-V relationships under each condition. Figure 5b shows the

averaged membrane currents during the falling phase of the
ramp pulses under the various experimental conditions of the
experiment. The 100 mM ZD6169-sensitive membrane current
in the presence of levcromakalim was obtained by subtracting

the mean membrane current in the presence of 100 mM
ZD6169 from the membrane current in its absence, demon-
strating an inwardly rectifying property at positive potentials

(Figure 5c, the reversal potential was 71+2 mV, n=6).

ZD6169 activates and inhibits a glibenclamide-sensitive
43 pS K+ channel in pig urethra

Single-channel recordings were performed in symmetrical

140 mM K+ conditions by use of cell-attached con®guration.
To minimize activity of maxi K+ channels, experiments were
performed at 750 mV. In Figure 6a, application of 1 mM
ZD6169 caused openings of a 2.1 pA K+ channel (calculated

from an all-amplitude histogram). When the concentration of
ZD6169 was increased in a cumulative manner, the open
probability of the K+ channel was enhanced in a concentra-

tion-dependent manner (430 mM). In contrast, application of
higher concentrations of ZD6169 (550 mM) reduced the
channel openings. Although brief channel openings occasion-

ally appeared in the presence of 100 mM ZD6169, the open
probability (NPo) was negligible in comparison to that of
100 mM levcromakalim. On removal of the drug, channel

activity transiently reappeared and then gradually disap-
peared. Subsequent application of levcromakalim (100 mM)
caused opening of the same amplitude K+ channel, increasing
NPo in the same membrane patch (0.52+0.2, n=4). Figure

6b indicates the relationships between the channel activity
and the concentration of ZD6169. Again, a bell-shaped curve
is observed. In the presence of 30 mM ZD6169, I-V relation-

ships in symmetrical 140 mM K+ conditions, were obtained
by changing the holding membrane potential from 7120 mV
to +40 mV, indicating that the conductance of the channel is

approximately 43 pS (43.2+0.8 pS, n=15) with an inwardly
rectifying property at positive membrane potentials (data not
shown).

In Figure 7a, application of glibenclamide (0.5 and 5 mM)
reversibly inhibited the activity of the 10 mM ZD6169-induced
K+ channel in a concentration-dependent manner. In the
presence of 100 mM levcromakalim, application of 10 mM
ZD6169 caused a reversible inhibition of the channel activity
to an NPo of 0.7+0.15 (n=5) (NPo value normalized as 1
just before application of ZD6169, Figure 7c). On removal of

10 mM ZD6169, the channel activity recovered to the control
level. Application of 100 mM ZD6169 completely but
reversibly abolished the levcromakalim-induced channel

activity (NPo value; 0.05+0.05, n=5, Figure 7d) although
occasional channel opening events were still observed. Thus
ZD6169 possesses a dual (an agonistic and antagonistic)

action on the glibenclamide-sensitive 43 pS K+ channels.

Effects of ZD6169, cibenzoline and glibenclamide on
Kir6.2DC36 channel activity

COS7 cells expressing a carboxy terminus truncated Kir6.2
(Kir6.2DC36) which can form K+ channels even in the

absence of SURs were utilized to investigate further the
mechanisms involved in the inhibitory e�ects of 100 mM
ZD6169 on K+ currents. Functional channel activity of

Kir6.2DC36 was constantly observed in cell-attached patches
on GFP-positive COS7 cells at 750 mV (Figure 8a). When
the membrane patch was excised in inside-out con®guration,
channel activity was dramatically enhanced. After the channel

activity had stabilized, application of 100 mM ZD6169 had no
signi®cant e�ect (approximately 4 min duration). In contrast,
cibenzoline (100 mM), a potent pore blocker of Kir6.2,

reversibly suppressed the channel activity, but glibenclamide
(10 mM), like ZD6169 also had no signi®cant e�ect. Figure 8b
summarizes the e�ects of ZD6169, cibenzoline and glibencla-

mide on the Kir6.2DC36 channel activity, showing the relative
mean current amplitude (30 s duration) at 750 mV before
and after application of each drug (n=4).

Effects of ZD6169 on the activity of maxi K+ channels in
pig urethra

Figure 9a shows the e�ects of ZD6169 (10 and 100 mM) on
the activity of 6.7 pA K+ channels (maxi K+ channels) at a
holding membrane potential of +30 mV in inside-out

con®guration (pipette solution, 140 mM K+; bath solution,
140 mM K+, [Ca2+]i, 10 nM). Under these experimental
conditions, the channel conductance of the maxi K+ channels

Figure 4 Concentration-response relationships of ZD6169-induced
inward current at 750 mV in pig urethra (symmetrical 140 mM K+

conditions). (a) A cumulative application of ZD6169 caused a dual
e�ect on the membrane current. The dashed line indicates the zero
current level. (b) Relationship between peak amplitude of inward
currents and concentration of ZD6169. Note bell-shaped curve when
ZD6169 was applied in a cumulative manner (®lled circle). Open
circle indicates the peak amplitude when each concentration of
ZD6169 was applied alone. Filled circle indicates the peak value
when each concentration of ZD6169 was applied separately. The
amplitudes of the ZD6169-induced currents were measured from the
current level in 5 mM glibenclamide in each condition. Each symbol
indicates mean and s.d. of 6 ± 8 observations. *Signi®cantly di�erent
from the peak value (t-test, P50.05). **Signi®cantly di�erent from
the peak value (t-test, P50.01).
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in pig urethra was approximately 225 pS (225+15 pS, n=40,
Teramoto & Brading, 1994). Application of 10 mM ZD6169

showed little e�ect on the unitary amplitude and the activity
of maxi K+ channels in pig urethra (Figure 9a,b ; 2.5 min
duration). However, when the NPo value just before

application of ZD6169 (control) was normalized as 1, it
could be seen that 100 mM ZD6169 inhibited the channel
activity (relative NPo; 0.69+0.07, n=6). Figure 9c sum-

marizes the e�ects of ZD6169 on maxi K+ channel activity,
showing the relative NPo value at +30 mV before and during
application of ZD6169 (n=6). Similarly, ZD6169 (100 mM)
caused an inhibitory e�ect on the channel activity when

[Ca2+]i was increased to 400 nM (data not shown).

Discussion

Target K+ channels for ZD6169 in lower urinary tract
cells

In lower urinary tract smooth muscle cells, two distinct types
of KATP channels have been identi®ed as target K+ channels

for levcromakalim by use of single-channel recordings
(guinea-pig urinary bladder, KATP channel, Bonev & Nelson,
1993; pig urethra, KATP channel, Teramoto & Brading, 1996).

Interestingly, it has been demonstrated clearly that these two
KATP channels possess di�erent channel conductance, nucleo-
side diphosphate (NDP)-sensitivity and ATP-sensitivity

despite of their similar glibenclamide-sensitivity. Thus, we
believed that the signi®cant di�erences in property between
these two KATP channels hold out some hope for the

Figure 5 Inhibitory e�ects of ZD6169 on the levcromakalim-induced glibenclamide-sensitive inward membrane current (whole-cell
recording, symmetrical 140 mM K+ conditions, holding potential 750 mV). (a) Levcromakalim (100 mM) caused an inward
membrane current (peak amplitude about 950 pA) which gradually decayed. The current was suppressed by additional application
of 100 mM ZD6169, recovered to a steady state amplitude after ZD6169 was removed, and was then suppressed to the same level by
5 mM glibenclamide. The vertical de¯ections indicate triangular ramp potential pulses (see inset in Figure 2a). The dashed line
indicates zero current line. (b) The I-V relationships of the levcromakalim-induced current was obtained from that of the ®rst pulse
due to the gradual rundown of the current. In the rest of the conditions, the lines are the mean membrane currents from the eight
ramps in each condition. (c) Net membrane currents. The 100 mM ZD6169-sensitive membrane current was obtained by subtraction
of the membrane currents in the absence and presence of 100 mM ZD6169 when levcromakalim was present in the bath solution.

Figure 6 Recording in a cell-attached con®guration (symmetrical
140 mM K+ conditions) at a holding membrane potential of 750 mV.
(a) Examples of the currents. ZD6169 at di�erent concentrations was
cumulatively applied to the same membrane patch using the
concentration-jump technique. The dashed line indicates the current
when the channel is not open. (b) Concentration-response curve for
relative mean NPo value+s.d. (n=4), demonstrating a bell-shaped
curve. The relative mean NPo value was obtained when the NPo value
of the 100 mM levcromakalim-induced K+ channels was normalized as
one. The line was drawn by eye.
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development of tissue-selective KATP channel openers for
urge urinary incontinence (Teramoto et al., 1997a).

In vivo pharmacological studies have established that
ZD6169 demonstrates a urinary bladder-selectivity after oral
administration in the anaesthetized dog (Howe et al., 1995).
However, since bell-shaped concentration response relation-

ships for ZD6169-induced KATP currents have been demon-
strated in a wide variety of tissues with a similar potency
(guinea-pig urinary bladder, Hu & Kim, 1997; cat heart, Jow

& Numann, 1999; pig urethra, the present study), it is
unlikely that ZD6169 is selective for KATP channel in a
detrusor smooth muscle.

There is also some question as to the main channel in the
bladder that is targeted by ZD6169. In the guinea-pig, the
ZD6169-induced relaxation was not signi®cantly a�ected by

charybdotoxin (Li et al., 1995), while Hu & Kim (1997)

showed that ZD6169 activates maxi-K+ channels.
On the other hand, in human bladder, ZD6169 (1 ±

100 mM) clearly increased 42K e�ux in a concentration-

dependent manner (Trivedi et al., 1995). In the present
experiments, we have been able to demonstrate with single-
channel recordings that ZD6169 selectively activates glib-

enclamide-sensitive KATP channels in pig urethra. Further-
more, we have clearly demonstrated that ZD6169 (100 mM)
had an inhibitory e�ect on the activity of the maxi K+

channels. These results strongly suggest that the K+ channel

that is opened by ZD6169 in pig urethra is the KATP channel
which can be activated by application of other types of KATP

channel openers, such as nicorandil, pinacidil and levcroma-

kalim (Teramoto & Brading, 1997).

Bell-shaped action of ZD6169 on the activity of KATP

channels in pig urethra

Bell-shaped concentration-response relationships for

ZD6169 have been reported in guinea-pig urinary bladder
(Hu & Kim, 1997) and cat ventricular myocytes (Jow &
Numann, 1999) by use of conventional whole-cell record-
ings, reaching maximum e�ects at 5 and 10 mM, respec-

tively. In the present experiments, we have found a bell-
shaped relationship between ZD6169 concentration and
ZD6169-induced membrane hyperpolarization (Figure 1b)

and current (Figure 4b) in whole-cell recordings of pig
urethral myocytes, reaching maximum at a concentration of
10 ± 20 mM. Furthermore, we have also noticed using the

Figure 7 Glibenclamide-sensitivity of ZD6169-induced K+ channel
at a holding potential of 750 mV in cell-attached con®guration. (a)
Inhibitory e�ects of glibenclamide (0.5 and 5 mM) on the channel
activity of the 10 mM ZD6169-induced K+ channel. Additional
application of glibenclamide (3 min duration) reversibly reduced the
activity of the 2.1 pA K+ channel in a concentration-dependent
manner. (b) The all-point amplitude histogram for glibenclamide was
obtained during the last 2.5 min of a 3 min application (30 s
duration). The all-point amplitude histograms are superimposed in
the absence (control; just before the application of each concentration
of glibenclamide) and presence of glibenclamide (0.5 and 5 mM).
Continuous lines in the histograms are theoretical curves ®tted with
the Gaussian distribution, by the least-squares method. The abscissa
scale shows the amplitude of the current (pA) and the ordinate scale
shows the percentage value of the probability density function (%)
for recording period. (c, d) Application of ZD6169 (10 or 100 mM)
reversibly inhibited the channel openings of the 100 mM levcromaka-
lim-induced K+ channels.

Figure 8 E�ects of ZD6169 (100 mM) on channel activity of
Kir6.2DC36. (a) Current trace of the e�ects of 100 mM ZD6169 on
channel activity of Kir6.2DC36 in inside-out con®guration at a
holding potential of 750 mV. The arrow indicates the time when the
inside-out patch was excised from the cell. The dashed line indicates
the current when the channel is not open. (b) E�ects of 100 mM
ZD6169, 100 mM cibenzoline and 10 mM glibenclamide on channel
activity of Kir6.2DC36 at 750 mV. To obtain the mean patch
current, the integral of open channel currents during the 30 s before
application of each drug was divided by time for integration,
measuring from the current level when the channel was not open.
Each column shows the relative mean patch current (mean
value+s.d.) when the mean patch current of Kir6.2DC36 was
normalized as 1.0 (n=4).
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cell-attached con®guration that there is a bell-shaped
relationship between ZD6169 concentration and ZD6169-
induced KATP channel activity, with maximum activation at

a concentration of approximately 30 mM (Figure 6b). There
is thus little di�erence in the concentration of ZD6169
needed to induce maximum e�ects on the membrane

potential, current and channel activity, despite the di�erent
recording techniques employed.

Interestingly, although application of 100 mM ZD6169

initially induced channel openings, this was followed by a
gradual decrease in the activity of the KATP channels.
Furthermore, application of 100 mM ZD6169 reversibly

Figure 9 E�ects of ZD6169 (10 and 100 mM) on the 6.7 pA K+ channel at +30 mV in pig urethra. (a) Current trace of the e�ects
of each concentration of ZD6169 (3 min duration) on the activity of maxi K+ channels in inside-out con®guration (symmetrical
140 mM K+ conditions), with the NPo values shown below, calculated for every 30 s segment of the record. The dashed line
indicates the current base line when the channel is not open. (b) The all-point amplitude histogram for 100 mM ZD6169, obtained
during the last 2 min of a 2.5 min application. The histograms in the absence (control; just before the application of ZD6169) or
presence of ZD6169 (100 mM) are superimposed. Continuous lines in the histograms are theoretical curves ®tted with the Gaussian
distribution by the least-squares method. The abscissa shows the amplitude of the current (pA) and the ordinate shows the
percentage value of the probability density function (%) for the recording period (2 min). Histograms were obtained from the
results shown in (a). (c) Each column shows the relative NPo of the maxi K+ channels (mean value+s.d.) when the channel activity
was taken as one just before application of each concentration of ZD6169 (n=6).
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suppressed the 100 mM levcromakalim-induced K+ current as
e�ectively as did 5 mM glibenclamide in whole-cell recordings.
Similar inhibitory e�ects of ZD6169 on the 100 mM
levcromakalim-induced KATP channel activity were observed
in cell-attached con®guration. These results show that
ZD6169 possesses a dual e�ect on the KATP channels,
depending on its concentration and time course. They also

show that ZD6169 may transiently open KATP channels at
concentrations which block the channels in a steady state and
that the inhibitory e�ect of ZD6169 can be seen at lower

concentrations when the KATP channel had been activated.
During the transient activating phase, when 100 mM ZD6169
was applied, application of voltage ramps showed that the

membrane current was actually inhibited at potentials more
positive than 730 mV; later, application of the drug
inhibited the membrane currents over the whole range of

membrane potentials. Similar inhibitory e�ects of 100 mM
ZD6169 on the membrane currents were observed even in the
presence of 5 mM glibenclamide (unpublished observations,
N. Teramoto). We have also demonstrated that ZD6169

(100 mM) inhibits the activity of maxi K+ channels in pig
urethra. Therefore, it is reasonable to assume that the
additional inhibitory e�ects of ZD6169 on membrane

currents may be through this route.

Interaction of ZD6169 with KATP channels in pig urethra

It is generally established that KATP channels are composed
of at least two distinct subunits: a sulphonylurea receptor

(SUR) and an inwardly rectifying K+ channel (Kir) subunit
(reviewed by Aguilar-Bryan & Bryan, 1999). Recently, we
have shown that Kir6.2 subunit may be present in pig urethra
by use of RT ±PCR analysis (Teramoto et al., 2000). It has

been reported that mRNA encoding a truncated form of
Kir6.2 in which the last 36 amino acids of the C-terminus had
been deleted (i.e. Kir6.2DC36) could elicit signi®cant currents

even in the absence of SURs when injected into Xenopus
oocytes (Tucker et al., 1997). This makes it possible to
investigate the direct e�ects of certain drugs on the pore

forming Kir6.2 subunits (Proks & Ashcroft, 1997). In the
present experiments, we have demonstrated that application
of ZD6169 had no signi®cant e�ect on the channel activity of
Kir6.2DC36 expressed in COS7 cells although cibenzoline, a

potent pore blocker of Kir6.2 (Mukai et al., 1998), reversibly
suppressed the channel activity in the same excised membrane
patches. Furthermore, application of glibenclamide has no

signi®cant e�ect on the activity of Kir6.2DC36 channels
suggesting that there may be little native SURs on the surface
of COS7 cells membrane. These results strongly suggest that

ZD6169 itself may not modulate the pore forming Kir6.2
subunits of KATP channels.
Jow & Numann (1999) proposed a new hypothesis

regarding the bell-shaped concentration-response relation-

ships for ZD6169, suggesting that ZD6169 acts as an agonist
at low concentrations by displacing ATP but as a partial
antagonist at higher concentrations by blocking the channel

possibly by mimicking the e�ects of ATP (`ATP displacing
hypothesis'). Studies on the Kir6.2DC36 channels (Tucker et
al., 1997) suggest that the ATP binding site(s) may be located
on Kir6.2 in KATP channels. In the present experiments,

however, the activity of Kir6.2DC36 channels was not
signi®cantly inhibited by application of 100 mM ZD6169 even
in the absence of ATP. Similarly, applying 100 mM ZD6169

had no signi®cant e�ect on Kir6.2DC36 channel activity in
cell-attached con®guration (data not shown). Thus, it is
somewhat di�cult to explain the inhibitory e�ects of 100 mM
ZD6169 on the activity of KATP channels based on the `ATP
displacing hypothesis'. Recent molecular biological studies
demonstrate that the binding sites for both sulphonylureas

(glibenclamide etc.) and KATP channel openers (diazoxide,
pinacidil, cromakalim, P1075 etc.) reside on SURs although
the location of these sites within the receptor remains to be
elucidated (Aguilar-Bryan & Bryan, 1999). Binding studies

have con®rmed that ZD6169 binds to the same site as 3H-
P1075 and other types of KATP channel openers in guinea-pig
urinary bladder at low concentrations of ZD6169 (Trivedi et

al., 1995). It therefore seems probable that ZD6169 like other
types of KATP channel openers binds to SURs. One
interpretation could be that there may be at least two

di�erent binding sites for ZD6169 in SURs; a high a�nity
binding site and a low a�nity binding site (`two binding sites
hypothesis'). At lower concentrations of ZD6169, ZD6169

may bind mainly to the high a�nity binding site which may
activate KATP channels although a small amount of ZD6169
may also bind to the low a�nity site which may block KATP

channels or antagonize the function of the high a�nity site,

depending on pharmacokinetics and the bioavailability of
SUR. On the other hand, when higher concentrations of
ZD6169 are applied, ZD6169 may initially bind to the high

a�nity site causing transient activation, and eventually bind
to the low a�nity binding site blocking the channels. On
removal of high concentrations of ZD6169 (5100 mM),

ZD6169 may readily be removed from the low a�nity
blocking site, allowing reactivation of the KATP channels
through the more persistent binding to the high a�nity
activating site. This `two binding sites hypothesis' is

consistent with the results of our present data.
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