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BACKGROUND AND PURPOSE

Volume-regulated anion channels (VRACs) play an important role in cell-volume regulation. o;-Adrenoceptor stimulation by
phenylephrine (PE) suppressed the hypotonic activation of VRAC current in mouse ventricular cells and regulatory volume
decrease (RVD) was also absent in PE-treated cells. We examined whether the effects of o;-adrenoceptor stimuli on VRAC
current were modulated by phosphatidylinositol signalling.

EXPERIMENTAL APPROACH
Whole-cell patch-clamp method was used to record the hypotonicity-induced VRAC current in mouse ventricular cells. RVD
was analyzed by videomicroscopic measurement of cell images.

KEY RESULTS

The attenuation of VRAC current by PE was suppressed by aia-adrenoceptor antagonists (prazosin and WB-4101), anti-Gq
protein antibody and a specific phosphoinositide-specific phospholipase C (PLC) inhibitor (U-73122), but not by antagonists
for oug-, oup- or B-adrenoceptor, or protein kinase C inhibitors. The inhibition of VRAC by PE was antagonized by intracellular
excess phosphatidylinositol 4,5-bisphosphate (PIP,), while intracellular anti-PIP, antibody (PIP, Ab) inhibited the activation of
VRAC currents. When cells were loaded with phosphatidylinositol 3,4,5-trisphosphate (PIPs) with or without PIP, Ab, PE little
affected the VRAC current. Extracellular m-3M3FBS (an activator of PLC) suppressed VRAC in the absence of PE, and this effect
was reversed by intracellular excess PIP,.

CONCLUSIONS AND IMPLICATIONS
Our results indicate that the stimulation of aia-adrenoceptors by PE inhibited the activation of cardiac VRAC current via PIP;
depletion brought about by PLC-dependent reduction of membrane PIP, level.

Abbreviations

AT-II, angiotensin II; BIM, bisindolylmaleimide-I; CFTR, cystic fibrosis transmembrane conductance regulator; CHE,
chelerythrine; DAG, diacylglycerol; Ec, chloride equilibrium potential; E.., reversal potential; ET, endothelin; G¢PCR,
G4 protein-coupled receptor; HYPO, hypotonic solution; IPs, inositol 1,4,5-trisphosphate; ISO, isotonic solution; OAG,
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1-oleoyl-2-acetyl-sn-glycerol; PI3K, phosphoinositide 3-kinase; PIP;, phosphatidylinositol 4,5-bisphosphate; PIP3,
phosphatidylinositol 3,4,5-trisphosphate; PKC, protein kinase C; PLC, phosphoinositide-specific phospholipase C; PSS,
physiological saline solution; PTX, Pertussis toxin; RVD, regulatory volume decrease; STS, staurosporine; VRAC,

volume-regulated anion channel

Introduction

The stimulation of os-adrenoceptors has been
reported to regulate rapid changes in the contractile
function and electrophysiological properties of
cardiac muscle cells (Fedida ef al., 1993; Hein and
Michel, 2007). In addition to acute effects, stimu-
lated os-adrenoceptors also have long-term effects
on cardiac structure and function, such as cellular
hypertrophy and apoptosis (Woodcock, 2007). The
intracellular signalling pathway of o,-adrenoceptors
involves coupling to the heterotrimeric G proteins
that contain G4 subunits. The G4 subunit is an acti-
vator of phosphoinositide-specific phospholipase C
(PLC), which hydrolyzes phosphatidylinositol 4,5-
bisphosphate (PIP,) to inositol 1,4,5-trisphosphate
(IPs) and 1,2-diacylglycerol (DAG), which in turn
results in the mobilization of intracellular Ca*" and
the activation of protein kinase C (PKC) (Hein and
Michel, 2007).

Volume-regulated anion channels (VRAC;
channel and receptor nomenclature follows Alex-
ander et al., 2009) are widely expressed in mamma-
lian cells and the currents through these channels
are thought to play an important role in cell-volume
regulation, particularly in the regulatory volume
decrease (RVD) (Sarkadi and Parker, 1991; Okada,
1998; Wright and Rees, 1998). As outwardly rectify-
ing chloride current through VRAC has been iden-
tified in many types of cardiac cells (Vandenberg
et al., 1996; Sorota, 1999; Hume et al., 2000; Duan
et al., 2005), it is expected that cardiac VRAC current
also contributes to cell-volume regulation. In addi-
tion, recent studies have demonstrated that VRAC
may relate to several pathological changes in the
structure and function of heart including arrhyth-
mia, cardiac ischaemic preconditioning, apoptosis
and the adaptive remodelling of the heart during
myocardial hypertrophy and heart failure (Duan
et al., 2005; Okada et al., 2006).

The relationship between o;-adrenoceptor stimu-
lation and cardiac VRAC current is not clear. Duan
et al. (1995) showed that phenylephrine (PE; a non-
subtype-selective o-adrenoceptor agonist) inhibited
VRAC current in a PKC-dependent manner in rabbit
atrial myocytes. Du and Sorota (2000) reported that
PE did not affect VRAC current but that PKC stimu-
lated it in dog atrial cells. The effect of
op-adrenoceptor stimulation on VRAC current of
mouse cardiac cells has not yet been studied.
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Inositolphospholipids such as PIP, and phos-
phatidylinositol 3,4,5-trisphosphate (PIP;) are nor-
mally located in the inner leaflet of the plasma
membrane, and PIP, represents less than 1% of
membrane phospholipids and PIP; is present in a
negligible amount under resting conditions (Czech,
2000). As described previously, o;-adrenoceptor
stimulation can reduce the membrane PIP, level,
and this may in turn reduce the PIP; level because
PIP3 is produced from PIP, by an action of phosphoi-
nositide 3-kinase (PI3K). PI3K has been given a role
in the activation of VRAC and PI3K inhibitors
attenuate VRAC current in several non-cardiac cell
types (Feranchak et al., 1998; Shi et al., 2002; Vessey
et al., 2004; Wang et al., 2004; Browe and Baumgar-
ten, 2006) and in cardiac cells (Browe and Baumgar-
ten, 2006; Ren et al., 2008). We recently showed that
VRAC current in mouse ventricular cells was
strongly inhibited by intracellular application of
anti-PIP, or anti-PIP; antibody, and that intracellu-
larly applied PIP;, but not PIP,, could restore the
VRAC current which was suppressed by PI3K inhibi-
tors (Yamamoto et al.,, 2008). These findings sug-
gested that cardiac VRAC is regulated by PIP; and/or
its downstream signalling pathways.

Therefore, in the present study, we attempted to
see whether the possible reduction of membrane
PIP, due to ou-adrenoceptor stimulation and the
accompanying decrease in PIP; would affect VRAC
current in mouse ventricular cells, by using electro-
physiological and pharmacological methods. Our
results suggest that oy-adrenoceptor stimulation
suppressed the activation of VRAC current via deple-
tion of membrane PIP2 levels, followed by depletion
of PIP3. A preliminary account of this work has
appeared in abstract form (Ichishima et al., 2009).

Methods
Cell preparation

All animal care and experimental procedures con-
formed to the Guiding Principles of the Physiologi-
cal Society of Japan and were approved by the Saga
University Animal Care and Use Committee. The
animals were allowed free access to food and water
and kept on a 12-12 h light/dark cycle. Single ven-
tricular myocytes from mouse hearts were isolated
using an enzymatic dispersion technique as previ-
ously described (Yamamoto and Ehara, 2006; Yama-



moto et al., 2007). Briefly, mice (18-25 g, C-57BL/6]/
black inbred, male) were anaesthetized with sodium
pentobarbitone (50 mg-mL™, i.p.). The chest was
opened, and the heart was rapidly removed and
perfused, by using a modified Langendorff tech-
nique, with a physiological saline solution (PSS, see
next) warmed to 37°C to wash out blood, and then
with a nominally Ca*-free PSS until the heart ceased
to beat, and finally with the Ca*-free solution con-
taining 0.1% collagenase (CLSII, Worthington,
Lakewood, NJ, USA) and 1.0% bovine serum
albumin for 20-30 min. The ventricles were
removed and cell dissociation was achieved by
gentle mechanical agitation of the tissue in high-K*,
low-CI” storage solution (see next), and the dissoci-
ated cells were stored in a refrigerator (4°C) for later
use (within 8 h). Only rod-shaped myocytes with
clear cross-striations and no blebs were used in the
experiments.

Electrophysiological techniques

The tight-seal whole-cell patch-clamp technique
was used to record whole-cell currents. Patch
pipettes (1.5 mm O.D. borosilicate glass electrodes)
had a tip resistance of 1-3 MQ when filled with
pipette solution. Voltage-clamp recordings were per-
formed wusing patch-clamp amplifiers (Model
TM-1000; ACT ME, Tokyo, Japan or Axopatch 200B;
Axon Instruments, Foster City, CA, USA) and mem-
brane currents were filtered at a frequency of 2 kHz,
and sampled at 5 kHz with Digidata 1322A and
pCLAMP 9.2 software (Axon Instruments). A 3 M
KCl-agar bridge between the bath and the Ag-AgCl
reference electrode was used to minimize changes in
liquid junction potential. Unless otherwise stated,
membrane current recordings were monitored by
applying voltage pulses of 400 ms duration to
+40 mV from a holding potential of —40 mV every
6 s. When necessary, the current density was calcu-
lated by membrane capacitance, which was
obtained using pCLAMP 9.0 software. Usually,
5 min was allowed for adequate cell dialysis after
membrane rupture, before beginning of the voltage
clamp protocol. In the experiments in which cells
had to be dialyzed with pipette solutions containing
some antibody proteins and phosphatidylinositides
(see next), ~30 min was allowed after membrane
rupture before the current recording, expecting a
more sufficient cell dialysis. All experiments were
performed at 36.5 = 0.5°C.

Solutions used

The PSS for cell preparation contained (mM): 120
NacCl, 10 glucose, 4.5 KCl, 5.0 MgCl,, 1.5 CaCl,, 20
taurine, 1.0 NaHPO,, 10 B-hydroxybutyric acid, 10
HEPES; pH 7.4 adjusted with NaOH; 300 mOsm
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with mannitol. Ca*-free PSS was prepared by simply
omitting CaCl, from the PSS. The high-K*, low-Cl
solution for cell storage contained (mM): 70 potas-
sium glutamate, 20 KCl, 1.0 MgCl,, 10 KH,PO,, 10
taurine, 10 EGTA, 10 glucose, 0.1% albumin, 10
B-hydroxybutyric acid and 10 HEPES; pH 7.2 with
KOH; 300 mOsm with mannitol. For recording of
CI™ currents, the extracellular and intracellular solu-
tions were chosen to maximize recording of CI- cur-
rents and to reduce possible contamination with
cation currents and Ca*-dependent currents. The
standard extracellular hypotonic solution (HYPO)
contained (mM): 80 N-methyl-D-glucamine
(NMDG)-CI, 20 tetraethylammonium (TEA)-Cl, 1.0
MgCl,, 0.5 CaCl,, 0.5 BaCl,, 0.5 CdCl,, 0.01 GdCls,
5.5 glucose, 10 HEPES, 0.01 nicardipine; pH 7.4
adjusted with CsOH (-5 mM); total (CI), = 105 mM,;
210 mOsm with mannitol. Appropriate amounts of
mannitol were added to this solution to make the
standard extracellular isotonic (310 mOsm) solution
(ISO). The standard intracellular pipette solution
contained (mM): 105 NMDG, 90 L-aspartic acid, 40
TEA-CI, 5 NaCl, 5 Mg-ATP, 0.1 Tris-GTP, 5 EGTA, 5
HEPES; pH 7.2 adjusted with NMDG; total [Cl]; =
45 mM; 290 mOsm with mannitol. In the experi-
ments shown in Figure 2A-C, external solutions
with 45 mM [Cl], were prepared by replacing
60 mM of NMDG-CI with the same concentration of
NMDGe-aspartate. Pipette solutions with 105 mM
[CI']; were also prepared. They were made by replac-
ing 60 mM of L-aspartic acid in the standard pipette
solution with the same concentration of HCI. In
some experiments, pipette solutions contained
20 mM EGTA or S mM BAPTA in place of 5 mM
EGTA.

Videomicroscopy and image analysis

The measurement of the cell area was performed
independently of the electrophysiological measure-
ments. The method to measure the cell area on the
videomicroscopic image was the same as described
previously (Yamamoto et al., 2001; 2004). Briefly,
microscopic images of the cell on an inverted micro-
scope (Diaphot; Nikon, Tokyo, Japan) were recorded
with a CCD video camera (CS3330; Tokyo Elec-
tronic, Tokyo, Japan) mounted on the side port of
the microscope, which was equipped with a x40
objective and a x1 relay lens. Video images were
captured at a 640 x 480 resolution and fed into a
computer (DELL Dimension 4100; Dell Computer
Corporation, Round Rock, TX, USA) through an
8-bit frame grabber (LG-3; Scion, Frederick, MD,
USA). Number of the pixels included within the
captured cell-image was detected by custom-made
macro programs on Scion-Image software ver.4.03
(Scion). The chamber was continuously perfused
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with bathing solutions at the rate of 1.0-
1.2 mL-min™', and the area of cell-image was calcu-
lated every 6 s during the course of the experiments.
It should be noted that the cell area is only a rough
index of the cell volume. The validity of this
method to estimate the cell volume has been dis-
cussed in a previous paper (Yamamoto et al., 2001).

Data analysis

The blocking eftects of CI” channel inhibitors shown
in Figure 2C were calculated from the equation:
Ndrug/AIHYPo = (Idrug - IISO)/(IHYPO — Iiso), where ITuyro is
the maximal amplitude of HYPO-induced current,
Iarg is the minimal HYPO-induced current ampli-
tude after application of the inhibitors and Iiso is
the current amplitude in isotonic solutions.
Concentration-response curves (Figure 2B) for
extracellular PE were analyzed by using a Hill equa-
tion: response = Imax/(1 + ([A]/ICs0)™), where Imax is
the maximum current, [A] is the agonist concentra-
tion, ICso is the agonist concentration producing
half maximum response and nH is the Hill coeffi-
cient. Data are expressed as mean * SEM; n indicates
the number of cells. Statistical comparisons were
performed either by one-way analysis of variance
(ANOvA) with a post hoc test (Schefté’s multiple com-
parison test) for group data, or by paired or unpaired
Student’s t-test when only two groups were com-
pared. Statistical comparisons of the time course of
changes in cell area between two groups were made
according to two-way repeated measures ANOVA. A
two-tailed probability of <0.05 is taken to indicate
statistical significance.

Materials

Chemicals used were: PE (Sigma, St. Louis, MO,
USA), glibenclamide (Sigma), 4-(2-butyl-6,7-dichlor-
2-cyclopentyl-indan-1-on-5-yl)  oxybutyric acid
(DCPIB; Sigma), 5-([4-carboxyphenyl|methylene)-2-
thioxo-3([3-trifluoromethyl]phenyl)-4-thiazolidinone
(CFTRin-172;  Sigma), 4,4’-diisothiocyanostilben-2,
2’-disulphonate (DIDS; Sigma), U-73122 (Sigma),
U-73343  (Calbiochem, LaJolla, CA, USA),
bisindolylmaleimide-I (BIM; Sigma), staurosporine
(Sigma), chelerythrine (Sigma), prazosin (Sigma),
WB-4101 (Sigma), L-765 314 (Sigma), BMY-7378
(Sigma), propranolol (Sumitomo Pharmaceuticals,
Osaka, Japan), m-3M3FBS (Calbiochem), 0-3M3FBS
(Tocris, Ellisville, MO, USA), 1-oleoyl-2-acetyl-sn-
glycerol (OAG; Sigma) and Pertussis toxin (PTX;
WAKO, Osaka, Japan). When used, monoclonal
anti-PIP, antibody (Assay Designs, Ann Arbor, MI,
USA), polyclonal anti-Gg/11 antibody (sc-392; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), PIP; (dic
8, Echelon Biosciences, Salt Lake City, UT, USA), or
PIP; (dic 8, Echelon Biosciences) was added to the
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pipette solution. PIP, and PIP; were dissolved in the
control pipette solution at a concentration of
10 uM. PIP, (dic 8) and PIP; (dic 8) are the short
forms of PIP, and PIP; which are water-soluble at up
to 1 mM. Anti-PIP, antibody or anti-Gq;11 antibody
was used at a 1:40 or 1:100 dilution respectively.
Heat-inactivated antibodies (100°C for 20 min) were
prepared as control when necessary. The osmolarity
of all solutions was measured using freezing point
depression osmometers (Model OM-801; Vogel,
Giessen, Germany).

Results

Representative current traces elicited by various
voltage steps during isotonic and hypotonic solu-
tions in a mouse ventricular cell are shown in
Figure 1A. A small basal background current
(Figure 1Aa) was observed in the initial ISO. Expo-
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Figure 1

Hypotonicity-induced currents in mouse ventricular cells. (A) Typical
whole-cell current recordings in cells exposed to isotonic and hypo-
tonic solutions. The bath solution was changed from isotonic solu-
tion (a; ISO) to hypotonic one (b; HYPO) and then back to ISO (c;
2nd ISO). Currents were recorded by applying 400 ms voltage-
clamp steps to membrane potentials between —100 and +100 mV in
+20 mV steps from a holding potential of ~40 mV every 2 s as shown
in the right of Ac. (B) shows the /-V relationship of HYPO-induced
current (difference current) obtained by subtracting the currents in
ISO (a in A) from those in HYPO (b in A). In these experiments,
[CI]o/[CI]; ratio was 105 mM/45 mM with which the predicted CI-
equilibrium potential (Ec) was =21 mV (arrow). (C) The mean [-V
relationships (n = 15) of whole-cell currents obtained in ISO and in
HYPO.



sure of the cell to HYPO increased the whole cell
currents at both positive and negative voltages. The
increased current in HYPO displayed a very weak
time-dependent inactivation at positive potentials
(Figure 1Aa) and was reduced by returning to ISO
(Figure 1Ac). The current-voltage (I-V) relationship
of the HYPO-induced current (difference current)
showed a moderate outward rectification with the
reversal potential (E.v) of about -20 mV (Figure 1B),
a value close to the predicted CI” equilibrium poten-
tial (Ea = -21 mV) under the present condition
([CI']o/[CI]i = 105 mM/45 mM). These properties of
the HYPO-induced current appeared to match those
reported for the VRAC current in mouse ventricular
cells (Gong et al., 2004; Yamamoto-Mizuma et al.,
2004b; Yamamoto et al., 2009). The mean-I-V rela-
tionships of whole-cell currents obtained in ISO and
HYPO (n = 15) are shown in Figure 1C.

To confirm that the HYPO-induced current was a
Cl” current, we measured it under the conditions of
different [Cl]; and [Cl].. In the experiment shown
in Figure 2A, [Cl7]; was 105 mM and the cell was first
exposed to (a) isotonic 45 mM [Cl ], solution, and
subsequently to (b) isotonic 105 mM [CI ], solution.
Then the cell was exposed to (¢) hypotonic 105 mM
[CI]o, and subsequently to (d) hypotonic 45 mM
[CI]o. At both low and high [Cl],, application of
HYPO  increased the  whole-cell current
(Figure 2Ac,d). The I-V relationships of HYPO-
induced (difference) currents at each [Cl7], are
shown in Figure 2B. The HYPO-induced current
obtained under symmetrical [Cl] condition ([Cl7]o/
[CI']; = 105 mM/105 mM) exhibited a weak outward
rectification with E., of about O mV, while the
current obtained at low [Cl7], (45 mM) showed a
barely visible outward rectification with E.., of about
+20 mV (Figure 2B). The E. values obtained were
close to the Eq values predicted for high and low
[CI']l, at 105 mM [CI]; respectively (O mV for
105 mM [Cl], and +21 mV for 45 mM [Cl],).
Similar results were obtained in three other cells.
These observations strongly support the view that
the current induced by HYPO in mouse ventricular
cells is a CI” current.

Next, we examined the effect of anion channel
inhibitors on the HYPO-induced current. The results
are shown in Figure 2C. A widely used anion
channel inhibitor, DIDS (100 uM, n = 5; ICs, for
VRAC inhibition at +100 mV was 5 uM; Greenwood
and Large, 1998), reduced the magnitude of HYPO-
induced current to 31.7 = 8.6% of control at
+100 mV, and to 82.8 = 11.9% of control at
—-100 mV. Thus, the effect of DIDS on the HYPO-
induced current was voltage-dependent, in agree-
ment with the previous study (Sorota, 1994;
Yamamoto-Mizuma et al.,, 2004b). With another
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[CIT]o-dependence and the sensitivity to some CI~ channel inhibitors
of the hypotonic solution (HYPO)-induced current. In the experi-
ments shown in (A) and (B), pipette solution contained 105 mM CI~
(105 mM [CI])) instead of the usual amount (45 mM CI"). (A) Typical
current recordings in isotonic solution (ISO) and HYPO with different
[CI]o. The cell was initially exposed to (a) isotonic 45 mM [Cl],
solution, and subsequently to (b) isotonic 105 mM [Cl],. Then the
cell was exposed to (c) hypotonic 105 mM [CI],, and subsequently
to (d) hypotonic 45 mM [CI],. Currents were recorded by applying
400 ms voltage-clamp steps to membrane potentials between —100
and +100 mV in +20 mV steps from a holding potential of ~40 mV
every 2 s. (B) shows the I-Vrelationship of HYPO-induced (difference)
currents obtained from the data shown in (A). The curve for 105 mM
[CI7], was derived from b and c in A and that for 45 mM [Cl],, from
a and d. Arrows indicate the Eq value predicted for each condition.
(C) Comparison of the current inhibition by CI~ channel inhibitors,
Glibenclamide (Glib, 100 pM, non-specific Cl channel inhibitor),
DCPIB (10 uM, specific volume-regulated anion channel inhibitor),
CFTRisn-172 (10 uM, specific CFTR inhibitor) and DIDS (100 uM,
non-specific Cl channel inhibitor). Alyg/Alveo shows the ratio of the
current elicited in inhibitor-containing HYPO to that elicited in
inhibitor-free HYPO (see Methods). The current data observed at
+100 and —100 mV are shown. Numbers in parentheses are the
number of the cells examined. *significantly different with P < 0.05.

anion channel inhibitor, glibenclamide (100 uM, n
= 4; ICso value for VRAC inhibition was 60 uM; Sak-
aguchi et al., 1997), the current magnitude was 58.8
+ 5.1% of control at +100 mV and 57.3 * 5.4% of
control at —100 mV. A selective VRAC inhibitor,
DCPIB (10 uM, n = 4; ICs, value for VRAC inhibition
was 4 uM; Decher et al., 2001), strongly suppressed
the HYPO-induced current, its magnitude being
reduced to 32.3 + 8.4% of control at +100 mV and
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to 36.5 = 9.5% of control at —-100 mV. However, the
current was insensitive to a thiazolidinone-derived
selective inhibitor of the cystic fibrosis transmem-
brane conductance regulator (CFTR), CFTRinn-172 (1 =
4; 1Cso value of CFTRinn.172 for CFTR inhibition was
0.2 uM; Ma et al., 2002)

The results obtained so far support the view that
the increase in the whole cell current observed here
in HYPO in mouse ventricular cells is due to the
activation of VRAC current, as noted in the previous
studies (Gong et al., 2004; Yamamoto-Mizuma et al.,
2004b; Yamamoto et al., 2009). Subsequently, we
designated the HYPO-induced current as VRAC
current. One of the biophysical properties of cardiac
VRAC current is the outward rectification under
symmetrical [Cl] condition (Hume efal., 2000;
Yamamoto-Mizuma et al., 2004b). However, the
VRAC current exhibited only a weak outward recti-
fication in the present study (Figure 2B). The nature
of the discrepancy is unclear, but the difference in
the experimental procedures (e.g. the bath tempera-
ture employed) could be a factor.

In Figure 3A,B, we show the effect of the
os-adrenoceptor agonist, PE, on the HYPO-induced
activation of VRAC current. In the presence of
100 uM  PE, the amplitude of VRAC current
(Figure 3Ab,B) at positive and negative potentials
was small compared with that observed in control
cells (Figure 1A,B). Figure 3C shows the time course
of changes in the amplitude of whole-cell current
observed during exposure to HYPO in the absence
and presence of PE. In HYPO without PE, the whole
cell current gradually increased, reaching a steady
level in about 15 min. This result is similar to the
previous reports (Yamamoto et al., 2008; 2009). In
the presence of PE, exposure of the cells to HYPO
increased the whole cell current only slightly. PE
itself did not appear to have any significant effect on
the basal current in ISO before HYPO. Figure 3D
shows the concentration dependence of the inhibi-
tory effect of PE on VRAC current. Fitting the curve
to a Hill equation yielded ICso (1.2 uM) and nH
(0.91) values. This ICso value was similar to that
reported for oj-adrenoceptor responses in several
mammalian ventricular functions (Yokoyama et al.,
1998; Luo et al., 2007), but was much smaller than
the value reported for the PE -induced inhibition of
VRAC in rabbit atrial cells (72 uM; Duan etal.,
1995). The inhibition of VRAC current by PE
appeared to fully develop at about 100 uM of PE in
mouse cells (Figure 3D). In subsequent experiments,
we mostly used 100 uM PE for its effect on VRAC.

VRAC current is implicated in the development
of RVD in many types of mammalian cells including
cardiac cells (Sarkadi and Parker, 1991; Okada, 1998;
Wright and Rees, 1998; Yamamoto etal.,, 2001;
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2004). Therefore, we compared the changes in cell
volume during hypotonic challenge between
control and PE-treated cells. The relative cell area on
captured video images was used as an index of cell
volume. Figure 4A shows the time-course of the
changes in relative cell area during hypotonic chal-
lenge in control cells. Upon switching the bathing
solution from ISO to HYPO, the cell area increased,
as expected. But the increase peaked about 7 min
after the initiation of hypotonic perfusion, and the
cell area decreased thereafter, indicating operation
of the mechanism of RVD, to which VRAC current
contributed (Yamamoto et al., 2004). In the pres-
ence of PE, the cells also swelled in response to
external hypotonicity (Figure 4B) but there was little
RVD in this case (Figure 4B and C). Reapplication of
isotonic solution decreased the cell area of the hypo-
tonically swollen cells, as expected (Figure 4A and
B). In control cells, the level of cell area attained in
the reapplied isotonic solution was smaller than the
initial level, showing excessive cell shrinkage
(Figure 4A). This undershoot of the relative cell area
below the initial level is attributed to a loss of
solutes from the intracellular medium during RVD
(Okada, 1998; Yamamoto et al., 2004). In contrast,
there was no clear undershoot of cell area in the
PE-treated cells which showed little RVD
(Figure 4B). These results are in accordance with the
finding that PE inhibited the development of VRAC
current during hypotonic challenge (Figure 3).
Next, we attempted to identify the subtype of
ou-adrenoceptor involved in the PE -induced inhibi-
tion of VRAC current. Figure 5A shows that 5 uM of
prazosin [a nonselective oy-adrenoceptor antagonist
(Yamada et al., 1980; O-Uchi et al., 2008)] or 2 uM of
WB-4101 [an oua-adrenoceptor-selective antagonist
(Yamada et al., 1980; O-Uchi et al., 2008)], signifi-
cantly depressed the inhibitory effect of 100 uM PE
on VRAC current, whereas 50 nM of L-765 314 [an
ous-adrenoceptor-selective antagonist (Patane et al.,
1998; O-Uchi et al., 2008)], 30 nM of BMY-7378 [an
oup-adrenoceptor-selective antagonist (Deng et al.,
1996; O-Uchi et al., 2008)] and 1 uM of propranolol
[a B-adrenoceptor antagonist (Alexander et al., 1975;
Iyadomi et al., 1995)] appeared to be without effect.
Similar results were obtained in the cells exposed to
a lower concentration (10 uM) of PE (data not
shown). These results suggest the involvement of
ous-adrenoceptors in the PE-induced inhibition of
VRAC current in mouse ventricular cells. All
os-adrenoceptor subtypes expressed in the heart
may be coupled to Ggn: protein and may regulate
the production of PKC via activation of
PLC (Xiang and Kobilka, 2003). However, a
previous report (Duan etal., 1995) showed that
os-adrenoceptor-mediated inhibition of VRAC
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Suppression of the hypotonic activation of volume-regulated anion
channel (VRAC) current by phenylephrine in mouse ventricular cells.
(A) shows representative records of the currents elicited by the
voltage protocol illustrated in Figure 1. Phenylephrine (PE; 100 uM)
was present in hypotonic solution (HYPO) and 2nd isotonic solution
(ISO). (B) The mean /-V relationships of the currents obtained in ISO
and in HYPO with PE (n = 10). The arrow indicates the predicted E¢
(=21 mV). (C) Time course of activation of VRAC currents recorded in
the absence (open circles) and presence (closed circles) of 100 pM
PE. The whole cell current was recorded at +40 mV, while 400 ms
voltage steps to +40 mV were applied to the cell from a holding
potential of —~40 mV every 6 s. Data obtained from five different cells
were averaged for each curve. The bath solution was changed from
ISO to HYPO at arrow. (D) Concentration dependence of the inhibi-
tory effect of PE on the activation of VRAC current. Hypotonicity-
induced (difference) currents (Al) at +100 mV are plotted for various
PE concentrations. Each point represents mean of data obtained in
several different cells, and the curve was obtained by fitting the data
points to the Hill equation, yielding I1Cso and Hill coefficient (nH) as
shown.
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Inhibition of cell volume regulation by phenylephrine (PE). (A) and
(B), time course of change of the relative cell area in cells exposed to
hypotonic solution (HYPO) in the absence (A, n = 15) and presence
(B, n=7) of 100 uM PE. The cells were initially bathed in isotonic
solution (ISO), and then HYPO or HYPO + PE was applied during the
period indicated by bar. (C) shows an expanded illustration of a part
of A and a part of B. The values are expressed as relative to those
obtained 5 min after application of HYPO. *, significantly larger than
the time-matched HYPO data with P < 0.05 according to an unpaired
t-test. A comparison of curves with repeated measures ANOVA yielded
P <0.0T (99).
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Volume-regulated anion channel (VRAC) current observed in cells
with various o, adrenoceptor-related compounds. (A)-(C), mean
density of hypotonicity-induced (difference) currents measured at
+100 mV under various conditions. Phenylephrine (PE) concentra-
tion was 100 uM throughout. (A) shows the selective effect of oa-
adrenoceptor antagonists on the PE-induced VRAC inhibition. The
cells were exposed simply to hypotonic solution (HYPO) (Control) or
to PE-containing HYPO. In the latter case, the cells were pretreated
with 5 uM prazosin, 2 uM WB-4101, 50 nM L-765314, 30 nM BMY-
7378 or 1 uM propranolol for 10 min under isotonic condition, and
then exposed to PE-containing HYPO in the continuous presence of
these antagonists. Some cells were given no antagonist (None). 77,
significantly different with P < 0.01. *significantly larger than None
with P < 0.05. n.s., not significantly different from None. (B) shows
effects of anti-G, antibody (G4 Ab) or a phosphoinositide-specific
phospholipase C (PLC) inhibitor, U-73122, on PE-induced VRAC inhi-
bition. For G4 Ab experiments, G4 Ab or heat-inactivated G, Ab was
added to the pipette solution at a 1:100 dilution. For the experiments
of PLC inhibitor, the procedure of drug application was similar to that
adopted in the experiments shown in A, that is, it included a pre-
treatment phase of 10 min. U-73122 (5 uM) or its inactive analogue,
U-73343 (5 uM) was used. {9, significantly different with P < 0.01.
(C) shows the lack of effect of PKC inhibitors on PE-induced VRAC
inhibition. The procedure of drug application was similar to the
above. Bisindoylmaleimide (BIM; 100 nM), staurosporine (STS;
10 nM) or chelerythrine (CHE; 10 uM) was used. Number in paren-
theses indicates number of the cells examined. Dashed line indicates
the average magnitude of VRAC current with PE, derived from the
data shown as None in (A).

current involves the activation of PKC by PTX (a
selective G; protein inhibitor)-sensitive G protein in
rabbit atrial cells. To clarify the signalling processes
involved in mouse cells, we examined the effects of
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anti-Gq antibody, PTX, PLC and PKC inhibitors on
the PE-induced inhibition of VRAC current.

To see whether Gg: protein was involved in the
response to PE, we performed the experiments on
the cells dialyzed with a pipette solution containing
anti-Gq antibody. Our antibody was an affinity-
purified polyclonal antibody directed against 19
amino acids within the extreme carboxyl termini of
Gg11, and the inhibitory effect of its intracellular
application on the Gg1:-dependent system has been
described previously, and anti-Gg1: antibody itself
appeared to have little effect on the basal whole cell
current in mouse ventricular cells (Yamamoto et al.,
2007). When such dialyzed cells were exposed to
HYPO in the presence of PE, a VRAC current of a
definite amplitude developed (Figure 5B), indicating
attenuation of the inhibitory effect of PE on VRAC
current. In contrast, the usual inhibition of VRAC
current by PE was observed in the cells loaded with
heat-inactivated anti-G4 antibody (Figure SB). We
also tested whether PTX-sensitive G protein was
involved in the response to PE. The cells were incu-
bated for over 2 h at room temperature in control
storage solution or in a storage solution containing
PTX (0.5pugmL™?) (Yamamoto-Mizuma et al.,
2004a). We observed that the attenuation of HYPO-
activated VRAC current by PE in PTX-treated cells (n
= 4) was not significantly different from that in
control cells (n = 4) (data not shown). These results
suggest that Ggn: proteins but not PTX-sensitive G
proteins are essential for the inhibition of VRAC
current by aia-adrenoceptor stimulation in mouse
ventricular cells.

In the presence of 5 uM U-73122, a specific PLC
inhibitor (ICsy value for PLC inhibition was 1 uM;
Bleasdale etal., 1990), a large VRAC current was
activated in PE-treated cells (Figure 5B), whereas the
usual attenuation of VRAC current by PE occurred in
the cells exposed to 5 uM U-73343 (an inactive ana-
logue of U-73122). Further, we could not detect any
PKC-dependent regulation in the PE-induced inhi-
bition on VRAC current. As shown in Figure 5C,
three  different PKC  inhibitors [100 nM
bisindolylmaleimide-I (Yamamoto-Mizuma et al.,
2004b), 10 nM staurosporine (Bewick et al., 1999)
and 10 uM chelerythrine (Gong et al., 2004)] had
little effect on the PE-induced attenuation of VRAC
current. Thus, the inhibitory effect of PE on VRAC
current observed in mouse cells appeared to involve
PLC activation but not PKC activation.

Our next experiments investigated how the PLC
activity was related to the observed response to PE.
It is well-known that PLC hydrolyzes PIP, into DAG
and IP3, which may result in a decrease in the mem-
brane PIP; level (Xiang and Kobilka, 2003). Changes
in the PIP; level may lead to changes in the PIP;



level, because PIP; is generated from PIP, by an
action of PI3K. Therefore, we attempted to see
whether changes in the membrane PIP, or PIP;
levels played a role in the PE-induced inhibition of
VRAC current in mouse heart. For this purpose,
pipette solutions containing water-soluble form of
PIP, or PIPs;, and/or anti-PIP, antibody (PIP, Ab) were
prepared and used for cell dialysis.

Figure 6A,B shows the results of the experiments
in which the effect of PE on VRAC current was
examined in the cells loaded with PIP,. The intrac-
ellular application of excess PIP, (10 uM) itself did
not induce any significant changes in the back-
ground current level under isotonic conditions for
at least 30 min (on the left in Figure 6B). PE slightly
inhibited the VRAC current under hypotonic con-
dition in the cells loaded with PIP, (Figure 6A,B).
Thus, the magnitude of VRAC current obtained in
hypotonic solution was similar in the presence or
absence of PE in these cells (Figure 6B). These
findings are compatible with the idea that, under
physiological conditions, stimulation of oua-
adrenoceptors by PE results in a decrease in the
membrane PIP; level via activation of PLC, that the
decreased PIP, level is a factor causing the depres-
sion of VRAC current, and that intracellular excess
PIP, can cancel the PIP,-depleting action of PE.

Then the question arises as to how PIP, can be
related to the activation of VRAC current. Our pre-
vious study (Yamamoto et al., 2008) showed that the
development of VRAC current was suppressed in the
cells loaded with PIP, Ab which was expected to
inactivate PIP,, and that VRAC current was restored
if the cells were loaded with PIP; (10 uM) in addition
to PIP, Ab. The present study confirmed these find-
ings (first and second columns of Figure 6C), sup-
porting the idea that the activation of VRAC current
requires the presence of PIP; which is produced from
PIP, by an action of PI3K. Moreover, PE could not
suppress the development of VRAC current in the
cells with PIP, Ab and PIP; (third column of
Figure 6C). PE was similarly ineffective on VRAC
current in the cells dialyzed with PIP; alone (on the
right in Figure 6C). It appears, therefore, that VRAC
current can develop in the presence or absence of
PIP, if PIP; is present, and that the presence of exog-
enous excess PIP; counteracts the effect of PE on this
current in the presence or absence of PIP,. It should
be noted that loading with PIP; had little influence
on the amplitude of the VRAC current (fourth
column of Figure 5C).

An intracellular excess of exogenous PIP, coun-
teracted the inhibitory effect of PE on VRAC current
(Figure 6A,B). Such effects of PIP2 to restore VRAC
current was observed also in the cells in which PLC
was directly activated without stimulation of oua-

o1-adrenoceptor regulation of chloride channels

adrenoceptors. When the cells were exposed to
m-3M3FBS (a putative PLC activator), the develop-
ment of VRAC current was suppressed (on the left in
Figure 7A). Thus, this agent appeared to mimic the
action of PE. The concentration of m-3M3FBS used
(25 uM) was a maximal dose for the hydrolysis of
PIP, (Bae etal., 2003). Furthermore, like PE,
m-3M3FBS exerted little effect on VRAC current if
the cells had been loaded with excess PIP, (second
column of Figure 7A). The depression of VRAC
current by m-3M3FBS was not affected by the appli-
cation of BIM to the cell (third column of
Figure 7A), supporting that PKC activation was not
involved in the depressant effect of the PE -PLC
system on VRAC current. An inactive analogue of
m-3M3FBS, 0-3M3FBS, did not inhibit VRAC
current, as expected (fourth column of Figure 7A).
These findings are compatible with the view that
PLC-dependent reduction of membrane PIP, level,
which should result in PIP; depletion, inhibited the
activation of VRAC current.

The activation of PLC may produce DAG and IP;
by hydrolyzing PIP,. It is known that DAG directly
activates some subtypes of canonical transient
receptor potential channels independently of PKC
activation in ventricular cells (Nishida and Kurose,
2008). Additional experiments were performed to
see whether DAG had any role in the activation of
VRAC current, using a membrane-permeable DAG
analogue, 1-oleoyl-2-acetyl-sn-glycerol (OAG). We
observed that 50 uM OAG (Kraft, 2007) did not sup-
press the activation of VRAC current in HYPO (on
the right in Figure 7) in mouse ventricular cells. On
the other hand, IP; may act on the intracellular Ca*
store and stimulate the release of Ca*". It is unlikely,
however, that changes in the intracellular Ca** level
played a role in the regulation of VRAC current,
because the present data were obtained from the
cells which were mostly dialyzed with pipette solu-
tions containing 5 mM EGTA. Furthermore, the
results were similar if the pipette solutions con-
tained higher concentration (20 mM) of EGTA (n =
4) or 5 mM of BAPTA (n = 4), a faster Ca?* chelator
(data not shown).

Discussion and conclusions

The stimulation of o,-adrenoceptors by PE inhibited
the hypotonic activation of VRAC current in mouse
ventricular cells. We attempted to elucidate the
underlying mechanism of this action of PE and our
results have been interpreted in the following
scheme. The stimulation of ous-adrenoceptors acti-
vates PLC through a G4 protein-dependent process
and the activated PLC hydrolyzes membrane PIP,,
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Effect of phosphatidylinositides on phenylephrine (PE)-induced sup-
pression of volume-regulated anion channel (VRAC current). (A) Raw
current traces in response to various voltage steps (a and b) and the
corresponding [-V relationships (c), obtained in a cell loaded with
10 uM PIP,. Data were obtained in isotonic solution (ISO; a) and
hypotonic solution (HYPO) containing 100 uM PE (HYPO + PE; b).
Currents were elicited by applying 400 ms voltage-clamp steps to
membrane potentials between —100 and +100 mV in +20 mV steps
from a holding potential of —-40 mV every 2 s. (B) Mean density of
hypotonicity-induced (difference) current at +100 mV obtained in
cells dialyzed with 10 uM PIP,. Data were obtained in the absence
(HYPO) and presence (HYPO + PE) of 100 uM PE. The difference
between the current magnitudes observed 5 and 30 min after the
beginning of whole cell recording under isotonic condition is also
shown on the left (ISO 30 min). n.s., not significantly different. (C)
Mean density of hypotonicity-induced (difference) current at
+100 mV obtained in cells dialyzed with some phosphatidylinositide-
related compounds. Three types of pipette solution were prepared;
they contained anti-PIP, antibody (PIP,Ab), PIPs, or both PIP,Ab and
PIPs. PIP,Ab was added to the pipette solution at a 1:40 dilution, and
PIP;, at a concentration of 10 uM. Some cells were extracellularly
exposed to 100 uM PE (+PE). **, significantly different with P < 0.01.
n.s., not significantly different. Dashed line in (B) and (C) indicates the
control magnitude of VRAC current derived from the data in
Figure 4A. Number in parentheses indicates number of the cells
examined.
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Volume-regulated anion channel (VRAC) current observed in cells
with various phospholipase C (PLC) activators. Mean density of
hypotonicity-induced (difference) currents measured at +100 mV
under various conditions. Data were obtained in cells exposed to
m-3M3FBS (a direct PLC activator; 25 uM), 0-3M3FBS (inactive ana-
logue of m-3M3FBS; 25 uM) or 1-oleoyl-2-acetyl-sn-glycerol (OAG; a
membrane-permeable DAG analogue; 50 uM). Some of the cells
exposed to m-3M3FBS had been dialyzed with 10 uM PIP, (+PIP,).
Some cells were co-exposed to m-3M3FBS and 100 nM BIM (+BIM).
Dashed line indicates the control magnitude of VRAC current derived
from the data in Figure 4A. **significantly different with P < 0.01.
n.s., not significantly different. Number in parentheses indicates
number of the cells examined.

which results in a depletion of PIP,. The latter in
turn leads to a depletion of membrane PIP3;, because
PIP, is the substrate for PI3K-mediated production of
PIP;. The depletion of PIP3;, by an unknown mecha-
nism, interferes with the activation of VRAC
current.

The requirement of PIP; for the development of
VRAC current in mouse cardiac cells has been sug-
gested in a previous study (Yamamoto et al., 2008).
Here, the development of VRAC current was sup-
pressed in the cells loaded with PIP, Ab and that
depressed VRAC current was restored when the cells
were loaded with PIP, Ab and PIP; (Figure 6C).
Moreover, the development of VRAC current was
inhibited by intracellular application of PI3K inhibi-
tors (LY294002 and wortmannin) or anti-PIP; anti-
body, while intracellular excess PIP;, but not PIP,,
could restore the VRAC current which was sup-
pressed by PI3K inhibitors (Yamamoto et al., 2008).
These findings were taken to suggest that the pres-
ence of PIPs;, which is generated from PIP, by PI3K,
is important for the activation of VRAC current
under physiological conditions. As to the inhibitory
effect of PE on VRAC current, this agonist could not
suppress this current in the cells loaded with excess



PIP, or PIP; (Figure 6B,C). This finding is explained
by the scheme outlined previously. The excess PIP,
or PIP; may cancel the action of PE to deplete PIP,,
and hence PIP; (see previous). However, considering
that endogenous PIP, and PIP; are thought to be
located in the inner leaflet of the plasma membrane
and that the exogenous PIP, and PIP; molecules
were water-soluble short forms of these compounds,
a question arises as to whether such PIP, and PIP;
derivatives, applied through a pipette, acted on
VRAC after incorporation into the membrane or
directly from the cytoplasm. This point remains to
be clarified.

The concentration of PIP; required for the
physiological activation of VRAC current is uncer-
tain. The restoration of VRAC current by 10 uM
PIP; (Figure 6C) does not necessarily mean that
PIP;3 acts on the VRAC system in this concentration
range, under physiological conditions. Further, if
the stimulation of ous-adrenoceptors by PE results
in a decrease in membrane PIP; level, it is still
uncertain to what extent PE can reduce the PIP;
level in swollen cells. Obviously, further studies are
required to quantify the dynamic changes in the
membrane PIP, and PIP; levels during cell swelling
and during ous-adrenoceptor stimulation. It must
be clarified also how PIP; or related compounds
can interact with the VRAC. PIP, appeared to act as
a precursor of PIPs;, having no direct effect on the
VRAC system [(Yamamoto et al., 2008); see also
Figure 6]. It should be noted, however, that PIP,
may exert a direct action on other cardiac mem-
brane currents. It has been reported that mem-
brane PIP, plays essential roles in the
os-adrenoceptor mediated regulation of the mem-
brane K' currents [acetylcholine-activated K*
current (Cho et al., 2001; Meyer et al., 2001); ATP-
sensitive K* current (Haruna et al., 2002)] in the
heart. In these a;-adrenoceptor modulations of K*
currents, PIP, is thought to act as a signalling mol-
ecule influencing the channel activity.

The inhibitory effect of PE on VRAC was gener-
ally observed in the cells which were dialyzed with
PIP,- and PIP;-free pipette solutions. This may indi-
cate that the endogenous PIP, and PIPs;, which are
located in the inner leaflet of the membrane, cannot
be readily washed out by dialysis with solutions
lacking these compounds. In line with this view,
Meyer et al. (2001), using the cells dialyzed with
normal, that is, PIP,-free, pipette solutions, observed
that the stimulation of PLC-coupled receptors
induced a slow inhibition of G protein-gated,
inwardly rectified, K* current which was due to a
depletion of membrane PIP;, and that supplement-
ing the pipette solution with PIP; (0.5 mM) signifi-
cantly reduced the current inhibition.

o1-adrenoceptor regulation of chloride channels

Duan et al. (1995) reported that VRAC current in
rabbit atrial myocytes was inhibited by PE via the
activation of PTX-sensitive oua-adrenoceptors. Fur-
thermore, PKC inhibitors blocked the inhibitory
effect of PE on VRAC current, while PMA (a PKC
activator) itself inhibited VRAC current. They con-
cluded that PE inhibits VRAC current by interacting
with an oua-adrenoceptor mechanism that is
coupled to PKC via a PTX-sensitive G protein in
rabbit atrial cells. In our study using mouse ven-
tricular cells, the inhibitory effect of PE on VRAC
current appeared to be mediated by oua-
adrenoceptors coupled to G4 protein which were
insensitive to PTX, and PKC inhibitors did not block
the response to PE.

In addition, there is a large difference in the I1Cso
values for the PE-induced inhibition of VRAC
current. Duan ef al. obtained an ICso value of 72 uM
at 30°C, and this value is more than one order of
magnitude higher than that obtained in the present
study (1.2 uM at 37°C). The nature of these discrep-
ancies between the results of Duan et al. and ours is
unknown but the difference of tissue, species and
temperature could be a factor. The different results
of Du & and Sorota (2000) who showed that PE did
not affect VRAC current in dog atrial cells, and that
PKC activity stimulated in this current, might also
reflect the tissue and species difference.

We mostly used a maximal concentration
(100 uM) of PE to examine its effect on VRAC,
though the ICs, value of PE for VRAC inhibition was
about 1.2 uM (Figure 3D). As the PE-induced inhibi-
tion of VRAC was suppressed by application of an
os-adrenoceptor antagonist (S uM prazosin) and
an ous-adrenoceptor-selective antagonist (2 uM
WB-4101) (Figure SA), PE must have acted on oua-
adrenoceptors to reduce VRAC current. However, the
high concentrations of PE might induce some com-
plications, by exerting non-specific effects on VRAC.
The incomplete suppression by the above antago-
nists of the PE-induced VRAC inhibition (Figure 5A)
might raise the possibility that PE at high concentra-
tions had an inhibitory effect on VRAC, independent
of oua-adrenoceptors. Alternatively, using the high
concentration (100 uM) of PE may have effectively
competed with the antagonists, as the concentration
of the latter was low (5 uM for prazosin and 2 uM for
WB-4101). Further studies are necessary to clarify
this point. Because the presence of 1 uM propranolol
did not affect the PE-induced inhibition of VRAC
(Figure 5A), at least the activation of B-adrenoceptors
by high concentrations of PE (Wagner et al., 1974), if
any, did not appear to be involved in the observed
responses to PE.

In the present study, we examined the effect of
PE on VRAC by exposing the cells to HYPO in the
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presence of PE. The experiments with a different
protocol, where PE should be applied to the cells
after the VRAC current had developed in advance in
HYPO, remain to be done, because they would
provide more detailed information on the mecha-
nism underlying the PE action on VRAC. Our pre-
liminary examinations with the latter protocol
showed that PE could only slightly attenuate the
activated VRAC current. This might indicate a
complicated feature of the activation process of
VRAC as influenced by HYPO and the PE
-phosphatidylinositide system. We are now extend-
ing our study to confirm and to analyze the said
finding.

oua-Adrenoceptors are members of G4 protein-
coupled receptor (GqPCR) family. Endothelin (ET)
and angiotensin II (AT-II) are cardioactive signalling
molecules whose receptors (ET receptor and AT,
receptor) are also members of G¢PCR family. Activa-
tion of VRAC is controlled by a signalling cascade of
AT-II and reactive oxygen species involving epider-
mal growth factor receptor kinase and PI3K in rabbit
ventricular cells (Browe and Baumgarten, 2004;
2006; Ren etal., 2008). In dog atrial cells, ET-2
enhances VRAC current by a mechanism which is
dependent on mitogen-activated protein kinase (Du
and Sorota, 2000). Thus, the activation of several
types of G4PCR appears to modulate cardiac VRAC,
but the downstream signalling pathway may differ
depending on the specific receptor type. It is yet
unknown whether the stimulation of ET or AT
receptors influences VRAC or induces any VRAC-
like current in mouse cardiac cells, and this issue
may be a subject of future study. It should be noted,
however, that the stimulation of the P2Y receptor,
another member of G4PCR family, did not induce
VRAC-like current in the ventricular cells from
CFTR-deficient mice (Yamamoto-Mizuma et al.,
2004a).

The maintenance of cellular content and volume
is essential for the normal function of the cell, and
the activation of CI™ transport is a key step in RVD
under conditions of extracellular hypotonicity or
intracellular hypertonicity (Sardini et al., 2003).
VRAC current directly contributes to the RVD in
cardiomyocytes and the adaptive remodelling of
heart during cardiac hypertrophy and heart failure
(Duan etal., 2005). On the other hand,
oy-adrenoceptors have been shown to be required
for physiological cardiac hypertrophy in mouse
models (O’Connell et al., 2003) and the stimulation
of os-adrenoceptors induced hypertrophic changes
in neonatal rat ventricular cells (LaMorte et al.,
1994). As discussed by Duan etal. (2005), the
volume regulation of cardiac cells exerted by VRAC
current could be cardioprotective under the patho-

204 British Journal of Pharmacology (2010) 161 193-206

logical conditions which would lead to myocardial
hypertrophy. As stress on working hearts is usually
accompanied by elevated sympathetic tone, it is
tempting to consider that an attenuation of VRAC
by ou-adrenoceptor stimulation and the associated
loss of RVD facilitate the development of cardiac
hypertrophy. Further studies are necessary to clarify
these points and to elucidate the pathophysiological
roles of ou-adrenoceptor mediated regulation of
VRAC currents in cardiac function.
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