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Abstract
Using the perforated patch voltage clamp, we investigated swelling-activated ionic channels (SACs)
in rat urinary bladder smooth muscle cells. Hypo-osmotic (60%) bath solution increased a mem-
brane current which was inhibited by the SAC inhibitor, gadolinium. The reversal potential of the
hypotonicity-induced current shifted in the positive direction by increasing external K* concentra-
tion. The hypotonicity-induced current was inhibited by extracellular acidic pH, phorbol ester and
forskolin. These pharmacological properties are identical to those of arachidonic acid-induced cur-
rent present in these cells, suggesting the presence of TREK-1, a four-transmembrane two pore do-
main K* channel. Using RT-PCR we screened rat bladder smooth muscles and cerebellum for ex-
pression of TREK-1, TREK-2 and TRAAK mRNAs. Only TREK-1 mRNA was expressed in the
bladder, while all three were expressed in the cerebellum. We conclude that a mechanosensitive
K™ channel is present in rat bladder myocytes, which is activated by arachidonic acid and most likely
is TREK-1.

cle tone during urine storage.

This K* channel may have an important role in the regulation of bladder smooth mus-
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Introduction

Different types of stretch-activated ionic chan-
nels have been reported in a wide variety of cells
(Sackin 1995 ; Hu & Sachs 1997 ; Kamkin ef al.
2002). They are non-selective cation channels
(Popp et al. 1992 ; Kim 1993), Ca** channels (Lans-
man ef al. 1987), Cl ™ -selective anion channels (Tseng
1992 ; Okada 1997), ATP-sensitive K™ channels
(Van Wagoner & Russo 1992), K*-selective channels
(Guharay & Sachs 1984 ; Sigurdson et al. 1987), and
two-pore domain K* channels called TREK and
TRAAK family (Patel et al. 1998 ; Bang et al.
1999 ; Maingret et al. 1999).

SACs are present in urinary bladder myocytes
and are thought to be activated during physiological
bladder filling (Wellner & Isenberg 1993,
1994 ; Chambers ef al. 1997 ; Masters ef al. 1999).

Since these reports described only non-selective
cation channels, it is difficult to understand the role
of SACs in bladder smooth muscle. However, if
K*-selective mechanosensitive channels are ex-
pressed in bladder myocytes, these SACs may con-
tribute to maintenance of bladder smooth muscle re-
laxation during urine storage. In the present study,
we determined whether there are any other types of
SACs in rat bladder cells. We found that a hypoton-
ic external solution activated a K* current and we
examined its properties.

Materials and methods

Isolation of single smooth muscle cells

All experiments were performed with the ap-
proval of the Animal Research Committee of Fuku-
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shima Medical University.

Single smooth muscle cells were isolated from
the rat bladder by the following method. Male
Sprague-Dawley rats weighing 200-300 g were an-
aesthetized deeply with diethyl ether. The bladder
was removed immediately, cut into 1 mm X 5 mm
pieces and immersed overnight at 4°C in 5 ml of
Mg**, Ca**-free Tyrode solution containing 10 mg
collagenase (Sigma type I), 1 mg protease (Sigma
type XXIV) and 100 mg bovine serum albumin
(Sigma). The pieces were then incubated for 1 h at
37°C in a dispersal medium. The resulting suspen-
sion was dispersed by gentle agitation using a glass
pipette, filtered through a 70-pm-meshed cell
strainer (Becton Dickinson Labware, USA). Cells
were recovered by centrifugation, and the pellet was
transferred to Mg®*, Ca?*-free Tyrode solution and
stirred several times to release single smooth mus-
cle cells, which were stored in a test tube containing
Mg®*, Ca®*-free Tyrode solution and were used
within 8 h.

Solutions

The pipette solution for the perforated-patch
configuration contained (mmol) : 140 KCl, 1 CaCl,,
1 MgCl,, and 5 HEPES (adjusted to pH 7.2 with
KOH). Amphotericin B (Sigma) at 300 png/ml was
added to the pipette solution immediately before the
experiment. The standard external solution con-
tained (mmol) : 137 NaCl, 5.4 KCl, 0.5 MgCl,, 1.8
CaCl,, 5.6 glucose, and 4.2 HEPES (adjusted to pH
7.4 with NaOH). The normotonic solution (280
mOsmol/L) contained (mmol) : 84 NaCl, 5.4 KCl, 0.5
MgCl,, 1.8 CaCl,, 2.8 glucose, 2.1 HEPES, (adjusted
to pH 7.4 with NaOH) and mannitol 168. Hypoton-
ic solution (168 mOsm) was made up by eliminating
all the mannitol from the normotonic solution.
High K* hypotonic solution contained 75 mM KCI
instead of 84 mM NaCl. Osmolarity of each exter-
nal solution was measured with an osmometer (Kyo-
to DAIICHI Kagaku, Kyoto, Japan) and the osmolari-
ty was adjusted with mannitol so that the ionic
strength was kept constant.

Patch-Clamp Recording

Membrane currents were recorded using the
amphotericin B perforated-patch configuration of the
whole-cell patch-clamp technique (Horn & Marty
1988). Pipettes were forged from borosilicate glass
capillary tubing (1.5 mm outer diameter, 1.17 mm in-
ner diameter ; Nihon Rikagaku Kikai, Tokyo, Japan)
with a tip diameter of approximately 1-2 pm and a

resistance of 3-5 MQ when filled with the pipette
solution. All recordings were performed at room
temperature (around 22°C). A whole-cell clamp
amplifier (ACT ME, TM-1000, Tokyo, Japan) was
used to record the membrane current with a 16 bit
A/D converter (DIGIDATA 1322A, Axon Instru-
ments, Foster City, CA, USA). Data acquisition and
analysis were carried out with a computer (DEL,
USA) using pCLAMPS8 software (Axon Instruments,
USA).

Reverse transcription-polymerase chain reaction (RT-
PCR)

Total RNA was extracted from bladder using
the acid-guanidinium thiocyanate phenol chloroform
method (Chomczynski ef al. 1987). The first strand
cDNA was prepared from 1 pg of total RNA with
random primers using moloney murine leukemia vi-
rus reverse transcriptase in a final volume of 20 pl.
The cDNA was then diluted with 80 pl of sterile wa-
ter and used as the template in PCR. DNA amplifi-
cation was carried out in 15 pul of solution containing
10 mM Tris-HCL (pH9.0), 50 mM KCl, 1.5 mM
MgCl,, 125 uM deoxynucleotide triphosphates, the
cDNA template (1 pl), 1 uM primer mix and 25
units/ml Taq polymerase (TaKaRa, Japan). The
thermocycle consisted of one cycle of 4°C for 10 min
followed by heating at 95°C for 2 min and then 33
cycles of 30 s at 95°C, 30 s at 56°C, and 10 min at
72°C. Sequences of the PCR primers were
TREK-1 (accession number AF385402) :
sense, GTCCTGCCTCCCTTGCTGAA (position
1352)
antisense, CTCAGTGGGACAGCTCAGGA (position
1644)

TREK-2 (accession number AF385401) :

sense, GTATGATTGGAGACTGGCTG (position
1331)

antisense, GAAAGCATGTCCAGTGAGTG (position
1524)

TRAAK (accession number NM_053804) :

sense, GTCCTCACTCCTACCTTCGT (position
572)

antisense, CCAGTTGCCGATAGTGGTGA (position
752)

TREK-1, TREK-2 and TRAAK were reported to be
expressed in rat cerebellum (Talley ef al. 2001). As
a control for RT-PCR, rat cerebellum cDNA frag-
ments were amplified with each sense and antisense
primer. Positive control PCRs consisted of 35 cy-
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cles.

PCR products were separated by electrophore-
sis in 1.5% agarose gels and stained with ethidium
bromide using a 50 bp DNA ladder as molecular
weight markers. The predicted sizes (bp) of the
PCR products were 331 for TREK-1, 232 for TREK-
2 and 219 TRAAK.

Chemicals

Gadolinium, amphotericin B, arachidonic acid,
phorbol 12-myristate13-acetate (PMA) and forskolin
were purchased from Sigma (St Louis, MO, USA).
All the chemicals were the highest grade available.

Data analysis

Data obtained from pCLAMPS8 software were
analyzed and plotted using Clampfit8 software (Axon
Instruments, Foster City, CA, USA). All values are
presented as means + S.E.M. (number of exper-
iments). Student’s ¢-test and analysis of variance
were used for statistical analysis. P values less
than 0.05 were considered significant.

Results

Effect of hypotonic solution

First, we examined whether there are stretch
activated ionic channels in rat bladder smooth mus-
cle cells. Figure 1 illustrates the effects of a hypo-

A
Hypotonic
0.5nA Gd 50 uM
D
a c
0
| I |
2 min
B 0.5 (nA)
b
a
-120 c
0 60
(mV)

Fig. 1. Effects of external hypotonicity and Gd** on

membrane current in a rat bladder smooth muscle
cell.
A, a continuous recording of current in response to
ramp pulses. Hypotonic solution (60% of control)
increased outward current. Gd** inhibited the hy-
potonicity-induced current. B, I-V curves of the
corresponding labels in A. C, I-V curves of differ-
ence currents obtained by subtraction as indicated.

tonic external solution on the membrane current
with the perforated patch. Changing the bath solu-
tion from an isotonic to a hypotonic (60%) one in-
creased an outward current. Gd** (50 uM), a
stretch activated channel inhibitor, decreased the
developed current and even some of the control
current. The swelling-activated current had an
outwardly rectifying property and crossed with the
voltage axis at —47 = 19 mV (» = 5), which was too
negative for expected reversal potentials of —12 mV
for a nonselective cation current, and 0 mV for a
chloride current. This suggests that there are
swelling activated channels other than nonselective
cation channels and chloride channels in rat bladder
smooth muscle cells.

We examined the time-dependency of the
stretch activated current with step voltage pulses of
200 ms duration between —120 and +50 mV from
the holding potential of —60 mV. The hypotonic-
induced current was not apparently time dependent
(data not shown). The SAC current was time-inde-
pendent and so we continued our experiments with
ramp pulses.

Effect of changing external K* concentration on SAC
current

Next we studied the ionic selectivity of the
stretch-activated current by raising [K*], from 5.4
to 73.9 mM in the hypotonic bath solution (Fig. 2).
[K*]; in the pipette solution was 140 mM. The cur-
rent-voltage (I-V) relationships obtained by ramp

A hypotonic
—_— Gd 50 uM
[K*], 5 mM [K*], 75 mM
0.5nA c
b d
0
L
2 min
B 0.25 (nA)
b-a
-120 c-d
0 60
(mV)

Fig. 2. Effects of [K*], on hypotonicity-induced cur-
rent.
A, Chart recording of the current in response to
ramp pulses. [K'], was raised from 5 to 75 mM
in hypotonic solution. B, I-V curves of the net
hypotonicity-induced currents obtained by sub-
traction were plotted at each [K*],. Labels of the
difference currents correspond to those in A.
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pulses showed that the reversal potential shifted
from —49 =+ 19 mV = 9)to —23 = 7mV (n = 9).
The positive shift of the reversal potential in re-
sponse to higher [K]", indicates K* permeability of
the swelling-activated current.

Effect of arachidonic acid on membrane current

The two-pore domain K* channels including
TREK-1, TREK-2 and TRAAK are known to be ac-
tivated by membrane stretch (Patel et al.
1998 ; Maingret ef al. 1999 ; Bang et al. 2000) and
also activated by arachidonic acid (AA) (Fink et al.
1998 ; Patel et al. 1998 ; Bang et al. 2000). There-
fore, we examined the effect of AA on the rat blad-
der smooth muscle cells. AA at 50 uM in the nor-
motonic bath solution induced a marked outward
current which crossed with the voltage axis at
around —60 mV (Fig. 3). The current was com-
pletely inhibited by 50 uM Gd** (Fig. 3) and it had
an outwardly rectifying property. This strongly in-
dicates that a class of TREK/TRAAK member K*
channels exist in rat bladder smooth muscle.

Effect of acidic pH on SAC- and AA-induced currents

To assess whether the swelling-activated and
the AA-activated K* channels are identical, we com-
pared the pharmacological properties of the two

A

hypotonic
L T
pH 7.4 . pHoa pH 7.4
0.3n c
a
0
I—
2 min
B 0.5 (nA) T
b
/ -
-120 /i a
? 0 60
(mV)
C 0.5 (NA) T
b-a
-120 =,_~_~'/V_./\~ b-c
e |0 0
(mV)

D

currents. Extracellular pH 6.4 inhibits TREK-1
and TRAAK (Patel ef al. 2001). Fig. 4 shows that
extracellular pH 6.4 reduced both the hypotonicity-
(Fig. 4A-C) and AA-induced currents (Fig. 4D-F).
Current reductions caused by extracellular acid

AA 50 uM
A u
Gd 50 pM
4 nA
a [
O | SR— )
2 min
B 5 (nA) b
-120 - a
I ic
[0 60
(mV)

Fig. 3. Effects of arachidonic acid (AA) and Gd** on
membrane current.
A, a continuous recording of the current in re-
sponse to ramp pulses. B, I-V curves of the cur-
rents labeled in A.

AA 50 pM
pH 7.4 b‘m pH 7.4
1 nA
a C
0
| — )
1 min
E 1 (nA) b
a
-120 c
0 60
(mV)
E 1 (nA)
b-c
b-a
-120
0 60
(mV)

Fig. 4. Effects of extracellular acidification (pH 6.4) on SAC-induced (A-C) and AA-induced (D-F) currents.

A and D, continuous recordings of current in response to ramp pulses.
Cand F, I-V curves of difference currents from B and E, respectively.

bels in A and D, respectively.

B and E, I-V curves of corresponding la-
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measured at 60 mV were 25 + 23 % (n = 6) and 20
+ 18 % (n = 3) of the control with hypotonicity- and
AA-induced currents, respectively. This result
supports the possibility that the currents are identi-
cal and belongs to the class of two-pore domain K*
channels.

Effect of forskolin on SAC- and AA-induced currents

Increased cytosolic cAMP inhibits TREK-1 and
TREK-2 but not TRAAK (Reyes et al. 1998 ; Patel
et al. 1998 ; Lesage et al. 2000). We used forskolin,
a direct activator of adenylate cyclase, to increase
cAMP in the bladder cells. Fig. 5 shows that 10
puM forskolin inhibited both strech- (Fig. 5A-C) and
AA-induced currents (Fig. 5D-F). At 60 mV, they
inhibited by 75 = 15% (n = 4) and 83 = 17 % (n = 4),
respectively. This result excludes the presence of
TRAAK and supports the possibility of TREK-1 or
TREK-2 being present.

Effect of PMA on SAC- and AA-induced currents

Among the AA-activated two-pore domain K*
channels which include TREK-1, TREK-2 and
TRAAK, only TREK-1 is inhibited by phorbol-
12-myristate-13-acetate (PMA) (Fink et al.
1996 ; Maingret et al. 2000). We examined the ef-

hypotonic
A —]
p FK10 uM
0.5n
0
—
2 min
1 (nA
B (nA)
b
'.120 Ig
- 0 60
(mV)
1(nA
C (nA)
b-c
b-a
120 .
= o 6'0
(mV)

fect of PMA on hypotonicity-induced and AA-in-
duced currents. Fig. 6 shows that 100 nM PMA in-
hibited both hypotonicity-induced (Fig. 64, B) and
AA-induced currents (Fig. 6C, D). I-V curves are
shown in Fig. 6B and D. E,, of the PMA-inhibited
current was —46 = 32 mV (w = 5). PMA inhibited
AA-induced and SAC currents by 75 = 23 % (n = 5)
and 81 = 20 % (n = 6), respectively. This together
with the above results supports the view that SAC
channels and AA-induced channels are identical and
are TREK-1, not TREK-2 or TRAAK.

Eexpression of TREK/TRAAK mRNASs in rat bladder

Since the above results suggested that the most
likely candidate for the swelling-sensitive, AA-sen-
sitive ionic channel was TREK-1, using RT-PCR,
we examined whether TREK-1 mRNA is expressed
in rat bladder. Figure 7 shows that TREK-1,
TREK-2 and TRAAK mRNAs are all expressed in
rat cerebellum, but only TREK-1 mRNA in the
bladder. This result strongly suggests that the SAC
in rat bladder smooth muscle cells is TREK-1.

Discussion

The only stretch-activated ionic current in the

D AA 50 pM
b FK 10 uM
1n
C
a
0
 —
1 min
E 1.5 (nA) b
C
-120 a
0 60
(mV)
F 1.5 (nA)
b-c
b-a
120
0 60
(mV)

Fig. 5. Effects of forskolin (FK) on SAC-induced (A4-C) and AA-induced (D-F) currents in a rat bladder smooth mus-

cle cell.

A and D, continuous recordings of current in response to ramp pulses. B and E, I-V curves of corresponding la-
bels in A and E, respectively. C and F, I-V curves of difference currents from B and E, respectively.
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A hypotonic

b

PMA 100 nM

0.4nAp 2
C
0

1 min
B
1 (nA) 5
a
-120 . C
o 60
(mV)

C AA 10 uM
b pMA
100 nM
0.3 nA
a (63
0
1 min
D
1 (nA)
b
-120 ¢
0 60
(mV)

Fig. 6. Effects of PMA on SAC-induced (4, B) and AA-induced (C, D) current.
A, a continuous recording of current in response to ramp pulses. B, I-V curves of corresponding labels in A. C,
a continuous recording of the current. D, I-V curves of corresponding currents in C.

cerebellum DNA bladder

TREK-1 TREK-2 TRAAK ladder TREK-1 TREK-2 TRAAK

500 bp —»>

Fig. 7. mRNA expression of TREK-1, TREK-2, and
TRAAK in the cerebellum and bladder of the rat.
Only TREK-1 mRNA expression was detected in
the bladder in contrast to all three present in the
cerebellum.

bladder reported was a non-selective cation current
(Wellner & Isenberg 1993). This is the first report
showing that swelling activates an outwardly rectify-
ing K* current in rat bladder myocytes. This chan-
nel was activated by cell swelling caused by an ex-
ternal hypo-osmotic condition, and was inhibited by
gadolinium (Gd**), which inhibits stretch activated
nonselective cation current (Yang & Sachs 1989) and
stretch activated K* channels (Maingret et al. 1999,
2000). Raising the K™ concentration in the hypo-
tonic bath solution without changing osmolarity
shifted the reversal potential of the SAC current in a
positive direction, consistent with K* permeability
of the SAC.

The stretch-activated K* channels reported to
date are TREK-1, TREK-2 and TRAAK, which are
a mechanosensitive subgroup of the four transmem-
brane two pore domain K* channel family and are
expressed in many regions in the brain as well as in
certain peripheral tissues, such as ovary and small
intestine (Medhurst ef al. 2001). They behave as a
background K* current and are modulated not only
by mechanical stretch but also by unsaturated free

fatty acids such as arachidonic acid, and are inhibited
by Gd** (Maingret et al. 1999, 2000 ; Ferroni ef al.
2003). In the present study, arachidonic acid acti-
vated a significant outwardly rectifying K* current in
rat bladder cells which was inhibited by Gd**. This
strongly indicates that TREK/TRAAK family K*
channels are present in rat bladder.

Different pharmacological properties have been
described for the TREK/TRAAK family members
(Kim 2003). Although all three members are out-
wardly rectifying K™ channels, TREK-1 is inhibited
by PMA, extracellular acidic pH and cAMP (Fink et
al. 1996 ; Patel ef al. 1998, 2001 ; Maingret et al.
2000), while TREK-2 is not inhibited by PMA (Patel
et al. 1998 ; Maingret et al. 2000) and TRAAK is not
inhibited by PMA or cAMP (Fink et al. 1996,
1998 ; Maingret et al. 1999 ; Patel et al. 2001). In
this study, both SACs and AA-sensitive channels
were inhibited by PMA, extracellular acidic pH and
forskolin. These data support the notion that the
SAC and AA-induced channels are identical and
highly likely to be TREK-1. This was confirmed
by RT-PCR, because only TREK-1 mRNA, but not
those for TREK-2 or TRAAK, was expressed in rat
bladder. Therefore, we conclude that stretch acti-
vated TREK-1 K* channels are present in rat blad-
der myocytes. This is the first report of TREK-1
mRNA expression in bladder. However, there may
be species differences, because TREK-1 mRNA was
not detected in murine bladder (Koh et al. 2001).

Since we found TREK-1 in rat bladder in the
present study, there are at least two types of K*
channels in the bladder. In addition to TREK-1,
iberiotoxin-sensitive Ca®*-activated K** channels
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are also present (Nakamura et al. 2002). Under
physiological conditions, TREK-1 channel activity is
elicited by increasing the mechanical pressure ap-
plied to the cell membrane and is independent of in-
tracellular Ca** (Bang et al. 2000 ; Lesage et al.
2000 ; Patel et al. 1998 ; Maingret et al. 1999).
Thus the physiological functions of these two K*
channels may be distinctive. The Ca”*-activated
K" channels are activated when intracellular Ca*
concentration is increased, i.e. during smooth mus-
cle contraction and as a consequence the cells repo-
larize to restore the basal level of tone before
contraction. In contrast, TREK-1 K" channels are
activated by mechanical stretch which occurs during
bladder filling. Thus activation of TREK-1 hyper-
polarizes the myocytes and facilitates bladder wall
distention.

In some cells in this study, the control currents
before application of hypotonic solution were slightly
decreased by Gd®* (data not shown). This indicates
that some TREK-1 channels may be active without
being stretched when the bladder is empty. The
number of open TREK-1 channels must increase as
the bladder fills.

AA- and SAC-induced currents showed differ-
ent I-V relationship. E., of AA-induced currents
was close to Ex, while that of SAC was located be-
tween Ex and 0 mV which is the reversal potential of
a non-specific cation currents. SAC-induced cur-
rents had a strong outward rectification. It has
been reported that the outward rectification of SAC
becomes less significant when external K concentra-
tion is high. We also observed that raising external
K concentration revealed an inward component of
SAC and outward rectification is less prominent (Fig.
2).

Lauritzen et al. proposed that a potential func-
tion of TREK-1 might be to monitor the levels of
free fatty acids and protons in the cell, providing a
protective mechanism by reducing cell excitability
(Lauritzen et al. 2000). During ischemia, hypoxia
and inflammation, phospholipases are activated, free
fatty acids increase and intracellular pH falls (Bazan
et al. 1993 ; Lipton 1999). In cystitis, for example,
arachidonic acid release from bladder smooth muscle
and interstitial cells is elevated and intracellular pH
decreases, leading to an activation of TREK-1.
This would help protect the bladder from inflamma-
tory detrusor instability and further damage.
TREK-1 also may be related to a pathological state
such as overactive bladder. To date, the underlying
mechanism of bladder detrusor instability is not well
understood. A number of factors may be involved

in its etiology. Recently, it was demonstrated that
BK channel dysfunction leads to overactive bladder
and urinary incontinence (Meredith ef al. 2004).
This indicates that K* channels play important roles
in bladder function. Dysfunction of TREK-1 in the
bladder may also be involved in detrusor instability.

In a variety of cells, hypo-osmotic stress acti-
vated chloride channels (Okada 1997). However, in
the present study, hypo-osmolarity-induced-current
in rat bladder was predominantly a K* current and
not a chloride current, because of the positive shift
of the reversal potential by raising external K* con-
centration (Fig. 2). In addition, in human small in-
testinal epithelial cells, volume-regulatory Cl~ cur-
rent was blocked by arachidonic acid (Kubo & Okada,
1992), which was an opposite effect to that we ob-
tained in rat bladder.

Under the hypotonic stress, intracellular Ca**
concentration could rise and result in activation of
Ca*-dependent K* channels, whose property is sim-
ilar to TREK channels. Therefore, there is a possi-
bility that K* channels other than TREK-1 may also
be included under hypo-osmotic pressure in rat
bladder.

In conclusion, this study provides new informa-
tion on the swelling-activated channels in rat blad-
der smooth muscle cells. Human and mouse blad-
der also has TREK-1 K" channels (Tertyshnikova et
al. 2005 ; Baker et al. 2010) and so the function and
modulatory mechanism of this channel needs to be
further examined.

Conflict of interest

We have no conflict of interest to disclose.

References

Bang H, Kim Y, Kim D. TREK-2, a new member of the
mechanosensitive tandem-pore K* channel family.
J Biol Chem, 275 : 17412-17419, 2000.

Baker SA, Hatton W], Han J, Henning GW, Britton FC,
Koh WD. Role of TREK-1 potassium channel in
bladder overactivity after partial bladder outlet ob-
struciton in mouse. J Urol, 183 : 793-800, 2010.

Bazan NG, Allan G, Rodriguez de Turco EB. Role of
phospholipase A2 and membrane-derived lipid sec-
ond messengers in membrane function and tran-
scriptional activation of genes : implications in ce-
rebral ischemia and neuronal excitability. Prog
Brain Res, 96 : 247-257, 1993.

Chambers P, Neal DE, Gillespie JI. Ca®" mobilization in
cultured human bladder smooth muscle cells in re-
sponse to hypotonic stimuli. Exp Physiol,



Mechanosensitive K* current in bladder 25

82 : 677-686, 1997.

Chomczynski P, Sacchi, N.  Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-
chloroform extraction. Anal Biochem, 162 : 156-
159, 1987.

Ferroni S, Valente P, Caprini M, Nobile M, Schubert P,
Rapisarda C. Arachidonic acid activates an open
rectifier potassium channel in cultured rat cortical
astrocytes. J Neurosci Res, 72 : 363-372, 2003.

Fink M, Duprat E Lesage E Reyes R, Romey G, Heur-
teaux C, Lazdunski M. Cloning, functional ex-
pression and brain localization of a novel uncon-
ventional outward rectifier K* channel. Embo ],
15 : 6854-6862, 1996.

Fink M, Lesage E Duprat FE, Heurteaux C, Reyes R, Fos-
set M, Lazdunski M. A neuronal two P domain
K" channel stimulated by arachidonic acid and
polyunsaturated fatty acids. Embo J, 17 : 3297-
3308, 1998.

Goldstein SA, Bockenhauer D, O’kelly I, Zilberberg N.
Potassium leak channels and the KCNK family of
two-P-domain subunits. Nat Rev Neurosci, 2 :
175-184, 2001.

Gu W, Schlichthorl G, Hirsch JR, Engels H, Karschin C,
Karschin A, Derst C, Steinlein OK, Daut J. Ex-
pression pattern and functional characteristics of
two novel splice variants of the two-pore-domain
potassium channel TREK-2. [ Physiol, 539 : 657-
668, 2002.

Guharay E Sachs E  Stretch-activated single ion chan-
nel currents in tissue-cultured embryonic chick
skeletal muscle. [ Physiol, 352 : 685-701, 1984.

Horn R, Marty A. Muscarinic activation of ionic cur-
rents measured by a new whole-cell recording
method. J Gen Physiol, 92 : 145-159, 1988.

Hu H, Sachs F.  Stretch-activated ion channels in the
heart. J Mol Cell Cardiol, 29 : 1511-1523, 1997.

Kamkin AG, Kiseleva IS, Iarygin VN. [Mechanosensi-
tive ion channels]. Usp Fiziol Nauk, 33 : 3-37,
2002.

Kim D. Novel cation-selective mechanosensitive ion
channel in the atrial cell membrane. Circ Res,
72 : 225-231, 1993.

Kim D. Fatty acid-sensitive two-pore domain K*
channels. Trends Pharmacol Sci, 24 : 648-654,
2003.

Koh SD, Monaghan K, Sergeant GP, Ro S, Walker RL,
Sanders KM, Horowitz B. TREK-1 regulation by
nitric oxide and cGMP-dependent protein kinase.
An essential role in smooth muscle inhibitory
neurotransmission. J Biol Chem, 276 : 44338-
44346, 2001.

Kubo M, Okada Y. Volume-regulatory Cl- channel cur-
rents in cultured human epithelial cells. [ Physiol,
456 : 351-371, 1992.

Lansman JB, Hallam TJ, Rink TJ. Single stretch-acti-

vated ion channels in vascular endothelial cells as
mechanotransducers ? Nature, 325 : 811-813,
1987.

Lauritzen I, Blondeau N, Heurteaux C, Widmann C,
Romey G, Lazdunski M. Polyunsaturated fatty
acids are potent neuroprotectors. Embo J, 19 :
1784-1793, 2000.

Lesage E Terrenoire C, Romey G, Lazdunski M. Hu-
man TREK2, a 2P domain mechano-sensitive K*
channel with multiple regulations by polyunsatu-
rated fatty acids, lysophospholipids, and Gs, Gi, and
Gq protein-coupled receptors. J Biol Chem,
275 : 28398-28405, 2000.

Lesage F, Maingret F, Lazdunski M. Cloning and ex-
pression of human TRAAK, a polyunsaturated fatty
acids-activated and mechano-sensitive K* channel.
FEBS Lett, 471 : 137-140, 2000.

Lesage E Lazdunski M. Molecular and functional prop-
erties of two-pore-domain potassium channels.
Am J Physiol Renal Physiol, 279 : F793-801, 2000.

Lipton P Ischemic cell death in brain neurons. Physi-
ol Rev, 79 : 1431-1568, 1999.

Maingret F, Fosset M, Lesage E Lazdunski M, Honore
E. TRAAK is a mammalian neuronal mechano-
gated K* channel. J Biol Chem, 274 : 1381-1387,
1999.

Maingret E Patel AJ, Lesage E Lazdunski M, Honore E.
Lysophospholipids open the two-pore domain
mechano-gated K* channels TREK-1 and TRAAK.
J Biol Chem, 275 : 10128-10133, 2000.

Masters JG, Neal DE, Gillespie JI. Contractions in hu-
man detrusor smooth muscle induced by hypo-os-
molar solutions. J Urol, 162 : 581-589, 1999.

Medhurst AD, Rennie G, Chapman CG, Meadows H,
Duckworth MD, Kelsell RE, Gloger II, Pangalos
MN. Distribution analysis of human two pore do-
main potassium channels in tissues of the central
nervous system and periphery. Brain Res Mol
Brain Res, 86 : 101-114, 2001.

Meredith AL, Thorneloe KS, Werner ME, Nelson MT,
Aldrich RW. Overactive bladder and incontinence
in the absence of the BK large conductance Ca2*-
activated K™ channel. J Biol Chem, 279 : 36746-
36752, 2004.

Nakamura T, Kimura J, Yamaguchi O. Muscarinic M2
receptors inhibit Ca**-activated K* channels in rat
bladder smooth muscle. Int J Urol, 9 : 689-696,
2002.

Okada Y. Volume expansion-sensing outward-rectifier
Cl™ channel : fresh start to the molecular identity
and volume sensor. Awm J Physiol, 273 : C755-
789, 1997.

Patel AJ, Honore E, Lesage F, Fink M, Romey G, Laz-
dunski M. Inhalational anesthetics activate two-
pore-domain background K* channels. Nat Neu-
rosci, 2 : 422-426, 1999.



26 M. Fukasaku et al.

Patel AJ, Honore E, Maingret F, Lesage E Fink M, Du-
prat E Lazdunski M. A mammalian two pore do-
main mechano-gated S-like K* channel. Embo J,
17 : 4283-4290, 1998.

Popp R, Hoyer J, Meyer J, Galla HJ, Gogelein H.
Stretch-activated non-selective cation channels in
the antiluminal membrane of porcine cerebral
capillaries. [ Physiol, 454 : 435-449, 1992.

Reyes R, Duprat E Lesage E Fink M, Salinas M, Farman
N, Lazdunski M. Cloning and expression of a
novel pH-sensitive two pore domain K* channel
from human kidney. J Biol Chem, 273 : 30863-
30869, 1998.

Sackin H. Mechanosensitive channels. Annu Rev
Physiol, 57 : 333-353, 1995.

Sigurdson W], Morris CE, Brezden BL, Gardner DR.
Stretch activation of a K* channel in molluscan
heart cells. J Exp Biol, 127 : 191-209, 1987.

Tertyshnikova S, Matson JA, Thalody G, Lodge NJ.
Partially purified Grammostola spatulata venom in-
hibits stretch activated calcium signaling in bladder
myocytes and improves bladder compliance in an
in vitro rat whole bladder model. J Urol, 169 :
756-760, 2003.

Tertyshnikova S, Knox RJ, Plym M], et al. BL-1249

[(5,6,7,8-Tetrahydor-naphthalen-1-yl)-[2-(1H-tet-
razol-5-yl)-phenyl]amine] a putative potassium
channel opener with bladder-relaxant properties.
J Pharmacol Exp Ther, 313 : 250-259, 2005.

Tseng GN. Cell swelling increases membrane conduc-
tance of canine cardiac cells : evidence for a vol-
ume-sensitive Cl channel. Awm J Physiol,
262 : C1056-1068, 1992.

Van Wagoner DR, Russo M. Whole cell mechanosensi-
tive K* currents in rat atrial myocytes. Biophysi-
cal Journal, 61 : A251, 1992.

Wellner MC, Isenberg G. Stretch-activated nonselec-
tive cation channels in urinary bladder myocytes :
importance for pacemaker potentials and myogenic
response. Exs, 66 : 93-99, 1993.

Wellner MC, Isenberg G. Properties of stretch-activat-
ed channels in myocytes from the guinea-pig uri-
nary bladder. J Physiol, 466 : 213-227, 1993.

Wellner MC, Isenberg G. Stretch effects on whole-cell
currents of guinea-pig urinary bladder myocytes.
J Physiol, 480(Pt 3) : 439-448, 1994.

Yang XC, Sachs E  Block of stretch-activated ion chan-
nels in Xenopus oocytes by gadolinium and calcium
ions. Science, 243 : 1068-1071, 1989.



