apamin. Thus, the major part of an increase in the cur-
rents by isoproterenol is iberiotoxin sensitive.

We examined the effects of isoproterenol on the cur-
rents with patch pipette solution containing 0.05 mmol/l
EGTA in the presence of both iberiotoxin and apamin. In
the presence of 100 nmol/l iberiotoxin and 1 p.mol/l apa-
min, the outward current at +80 mV decreased from
13.34 * 3.70 to 5.66 * 0.78 pA/pF (n = 4), whereas the
1 pmol/l isoproterenol-induced increase in the current
was negated (5.64 * 1.31 pA/pF, n = 4). We also exam-
ined the influences of both blockers on the potentiation
by isoproterenol. The outward currents at +80 mV in the
absence and presence of isoproterenol (1 pmol/l), and the
addition of both iberiotoxin (100 nmol/l) and apamin
(1 pmol/l) on isoproterenol were 7.10 + 1.79, 11.15 *
2.81,and 4.03 £ 0.29 pA/pF (n = 4), respectively.

Therefore, the outward currents potentiated by iso-
proterenol were iberiotoxin- and apamin-sensitive cur-
rents, that is the activation of BKc, and SK¢, channels via
-adrenoceptors.

Effects of High Concentration of EGTA on the

Membrane Currents

With 5 mmol/l EGTA pipette solution only small out-
ward currents were elicited at +80 mV (fig. 3A). With 0.05
and 5 mmol/l EGTA pipette solutions, the maximal out-
ward membrane current densities at +80 mV were 9.68 +
1.25 pA/pF (n = 10) and 4.70 * 0.86 pA/pF (n = 6,p =
0.014), respectively (fig. 3B). With 5 mmol/l EGTA pi-

Fig. 2. Influences of iberiotoxin (IBTX) on the membrane cur-
rents and the potentiation by isoproterenol (ISO). A Represen-
tative current traces before (upper) and during (lower left) ap-
plication of 100 nmol/l iberiotoxin and subsequent addition of
1 wmol/l isoproterenol (lower right) in smooth muscle cells from
human urinary bladder. Membrane currents were elicited by 400-
ms test pulses from a holding potential of -80 mV to potentials
from -100 mV to +80 mV in 20-mV steps. Horizontal bars before
the current traces indicate zero current level. B Current-voltage
relationships of membrane currents in the absence (O) and pres-
ence of iberiotoxin (@) and subsequent addition of 1soproterenol
(V). Values indicate means * SEM of 6 experiments. * p < 0.05
between 3 states (p = 0.010 at +60 mV; p = 0.005 at +80 mV).

C Current densities in the absence and presence of iberiotoxin and
subsequent addition of isoproterenol. Membrane currents were
elicited by a 400-ms depolarizing test pulse to +60 mV or +80 mV
from a holding potential of ~-80 mV. * p < 0.05 between 2 states
and ** p <0.01 between 2 states (n = 6; p = 0.013 between control
and iberiotoxin, p = 0.033 between iberiotoxin and subsequent
addition of isoproterenol at +60 mV; p = 0.005 between control
and iberiotoxin, p = 0.034 between iberiotoxin and subsequent
addition of isoproterenol at +80 mV).

[3-Agonists Increase Bladder K* Currents

pette solution, 1 pmol/l isoproterenol did not affect the
membrane currents (fig. 3C). In the absence and presence
of 1 nmol/l isoproterenol, the maximal membrane cur-
rent densities at +80 mV were 4.70 * 1.05 and 4.80 *
1.15 pA/pF (n = 5), respectively.

These results suggest that the outward currents of
smooth muscle cells would be dependent on the increase
in the intracellular Ca* concentration, which would be
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negated by the chelating action of intracellular EGTA at
5 mmol/l. With 5 mmol/l EGTA pipette solution, the
membrane currents were not affected by B-adrenoceptor
stimulation, so it is suggested that the increase in the out-
ward current by B-adrenoceptor stimulation would be
from an increase in K¢, currents. These results indicate
that the increase in outward membrane currents by the
stimulation of B-adrenoceptors is dependent on the in-
crease in the intracellular Ca?* concentration. Taken to-
gether, the major part of the outward membrane currents
of smooth muscle cells of human urinarybladder consists
of Kc, currents, and the stimulation of B-adrenoceptors
increases these currents.

Expression of B-Adrenoceptor mRNA in the Cultured

Smooth Muscle Cells from Human Urinary Bladder

To examine the expression of B-adrenoceptors in the
cells used in this study, we performed the quantification
of the expression levels of each B-adrenoceptor subtype
by real-time PCR analysis using a ¢cDNA synthesized
from the mRNA used as a template. The quantitative data
of expression levels of each B-adrenoceptor subtype,
summarized in table 1, revealed that the 3,-adrenoceptor
subtype was predominantly expressed in the smooth
muscle cells from human urinary bladder compared to
those of both B,- and B;-adrenoceptor subtypes.

Discussion
In the present study we demonstrated that stimulation

of B,-adrenoceptors in the smooth muscle cells of human
urinary bladder increases the outward current which is

Fig. 3. Influence of 5 mmol/1 EGTA pipette solution on the mem-
brane currents of smooth muscle cells from human urinary blad-

der. A Representative current traces with 0.05 mmol/l (left) or

5 mmol/l (right) EGTA pipette solution. Membrane currents were
elicited by 400-ms pulses from a holding potential of —80 mV to
test potentials from -100 to +80 in 20-mV steps. Horizontal bars
before the current traces indicate zero current level. B Current-
voltage relationships of membrane currents with 0.05 mmol/1 ()
and 5 mmol/] (@) EGTA pipette solution. Values indicate means
* SEM of 10 experiments with 0.05 mmol/l and 6 experiments
with 5 mmol/l EGTA pipette solution. ¥ p < 0.05 versus EGTA
0.05 mmol/1 pipette solution (p = 0.041 at +20 mV; p = 0.021 at +40
mV; p=0.016 at +60 mV; p = 0.014 at +80 mV). C Effects of isopro-
terenol on the currents recorded with patch pipette solution con-
taining 5 mmol/l EGTA. Current-voltage relationships of mem-
brane currents in the absence (O) and presence (@) of 1 pmol/l
isoproterenol. Values indicate means * SEM of 5 experiments.

iberiotoxin and apamin sensitive and blocked by intra-
cellular high EGTA. This suggests that K, currents are
increased by B,-adrenoceptor stimulation, resulting in
the hyperpolarization and relaxation of the cells.

It has been shown that isoproterenol hyperpolarizes
the smooth muscle of the detrusor in guinea pigs via
stimulation of B-adrenoceptors [9]. In that study, it was
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Table 1. Comparison of the expression levels of each B-adreno-
ceptor subtype in the smooth muscle cells from human urinary
bladder by real-time PCR

B, ND
By 292%1.10
Bs ND

Data are expressed as the mean * SEM (n = 5). ND = Not de-
tected.

suggested that the activity of the sodium pump was fa-
cilitated through the cAMP/PKA pathway. It has also
been shown by other studies that hyperpolarization of
the membrane of the detrusor smooth muscle could be
induced through activation of various K* channels. Volt-
age-dependent K* channels [21], ATP-sensitive K* chan-
nels [22], K¢, channels [23] and TREK-1 (K,p2.1)channels
[24] have been identified in the human detrusor muscle.
Using knockout mice, it was shown that the BK, channel
plays an important role in slowing the excitability and
contractility of the detrusor smooth muscle [25]. It was
also shown that NS-1619, a BKc, channel opener, has a
relaxant effect on guinea pig bladder smooth muscle [26].
Among the K* channels identified in the smooth muscle,
the ATP-sensitive K* channel is known to be modulated
by stimulation of B-adrenoceptors [27]. Kobayashi et al.
[10] also showed that isoproterenol and forskolin facili-
tated iberiotoxin-sensitive BK, channels in the smooth
muscle cells from the urinary bladder of guinea pigs. The
membrane currents potentiated by B-adrenoceptor ago-
nists observed in the present study were voltage- and in-
tracellular Ca?*-dependent outward currents and also
iberiotoxin and apamin sensitive. Therefore, it is likely
that K¢, currents are potentiated by B-adrenoceptor
stimulation in the smooth muscle cells of human urinary
bladder. In guinea-pigs’ urinary bladder muscles, it was
shown that stimulation of B-adrenoceptors activates
BKc, channels by elevating Ca?* influx through voltage-
dependent Ca®* channels and by increasing Ca®* sparks
(11]. In rat urinary bladder smooth muscle, §,-adreno-
ceptors can simultaneously interact with both BK, and
L-type Ca®* channels in vivo, which enables the assembly
of a unique, highly localized signal transduction complex
that mediates the Ca®*- and phosphorylation-dependent
modulation of the BK¢, current [28]. In human urinary
bladder smooth muscle, the ,-adrenoceptor in the sig-

B-Agonists Increase Bladder K* Currents

naling complex seems to work like it does in rats. The
BKc, channel interactions with its surrounding signaling
partners and its targeting to cell-specific microdomains
have been briefly reviewed [29]. To our knowledge, we
have shown for the first time that $-adrenoceptor stimu-
lation increases the BKc, and SKc, currents of the smooth
muscle cells of human urinary bladder. An increase in the
BK¢, and SK¢, currents of the human bladder smooth
muscle cells by B-adrenoceptor agonists could hyperpo-
larize the muscle cells, leading to the inhibition of excita-
tion, and the relaxation of the urinary detrusor muscle.

It is well known that isoproterenol relaxes human de-
trusor muscle [2]. There have been many functional stud-
ies on the B-adrenoceptor subtypes mediating relaxation
of the urinary bladder. In rabbit bladder it was demon-
strated that relaxation of the detrusor muscle is predomi-
nantly mediated by (3,-adrenoceptors. It was also proposed
that B,- and B;-adrenoceptors are involved in the relax-
ation of rat urinary bladder [30]. A limited number of stud-
ies have also suggested the predominant involvement of
f33-adrenoceptors in the relaxation of the urinary bladder
in dogs [30, 31] and monkeys [32]. The functional studies
have demonstrated that the Bs-adrenoceptor is an impor-
tant subtype for relaxation in the human bladder [13-15,
33-36] followed by the §,-adrenoceptor [37]. Studies using
PCR, Northern blots and in situ hybridization have de-
tected mRNAs for the 8-, 8,- and Bs-adrenoceptor sub-
types in the human bladder [13, 14, 38]. Although it ap-
pears that more than 95% of all B-adrenoceptor mRNAs
are the Ps-subtype in the human bladder, based upon
quantitative PCR experiments [15], in the cultured smooth
muscle cells of human urinary bladder, 3,-adrenoceptor
mRNAs were detected as a predominant subtype in this
study. Therefore, it is probable that isoproterenol and BRL
37344 increase the outward current via stimulation of B,-
adrenoceptors in the cultured smooth muscle cells.

Using cultured cells of human detrusor muscle with
patch clamp methods, we have shown that stimulation of
B;-adrenoceptors increases the outward currents in-
volved in BK¢, and SK¢, channels, which are important
for the stabilization and relaxation of the muscle.
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