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Molecular mechanisms of regulation of fast-inactivating
voltage-dependent transient outward K* current in mouse

heart by cell volume changes

Guan-Lei Wang, Ge-Xin Wang, Shintaro Yamamoto, Linda Ye, Heather Baxter, Joseph R. Hume

and Dayue Duan
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The K,4.2/4.3 channels are the primary subunits that contribute to the fast-inactivating,
voltage-dependent transient outward K* current (I f,s) in the heart. Iy g is the critical
determinant of the early repolarization of the cardiac action potential and plays an important
role in the adaptive remodelling of cardiac myocytes, which usually causes cell volume changes,
during myocardial ischaemia, hypertrophy and heart failure. It is not known, however, whether
Io fast is regulated by cell volume changes. In this study we investigated the molecular mechanism
for cell volume regulation of I, g, in native mouse left ventricular myocytes. Hyposmotic cell
swelling caused a marked increase in densities of the peak I, s,s: and a significant shortening in
phase 1 repolarization of the action potential duration. The voltage-dependent gating properties
of I, fast Were, however, not altered by changes in cell volume. In the presence of either protein
kinase C (PKC) activator (12,13-dibutyrate) or phosphatase inhibitors (calyculin A and okadaic
acid), hyposmotic cell swelling failed to further up-regulate I, . When expressed in NIH/3T3
cells, both K,4.2 and K,4.3 channels were also strongly regulated by cell volume in the same
voltage-independent but PKC- and phosphatase-dependent manner as seen in Iy, s in the
native cardiac myocytes. We conclude that K,4.2/4.3 channels in the heart are regulated by cell
volume through a phosphorylation/dephosphorylation pathway mediated by PKC and
serine/threonine phosphatase(s). These findings suggest a novel role of K,4.2/4.3 channels in
the adaptive electrical and structural remodelling of cardiac myocytes in response to myocardial
hypertrophy, ischaemia and reperfusion.
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The Ca*"-independent, fast-inactivating, transient
outward Kt current (I, or I, pg) is the critical
determinant of the early (phase 1) repolarization
of the action potential duration (APD) and
excitation—contraction (E-C) coupling of the heart in
many mammalian species, including human (Nerbonne
& Guo, 2002; Sah et al. 2003). The primary subunits that
contribute to I, g5 are the K;4.2 or Ky4.3 channels, or a
combination of the two (Dixon et al. 1996; Johns et al.
1997; Hoppe et al. 2000). Recently, it has been suggested
that decreased expression of K,4.2/4.3 may be responsible
for the decreased I, ; density and prolonged APD in
many animal models of heart diseases and in human heart
failure as well (Takimoto et al. 1997; Kaab et al. 1998;
Huang et al. 2000; Kassiri et al. 2002). The mechanism
underlying the link between the ionic remodelling
(reduction in I, ; density and K,4.2/4.3 expression) and
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structural remodelling (myocardial hypertrophy and
dilated heart failure) remains to be elucidated.
Inresponse to myocardial hypertrophy and heart failure,
adaptive remodelling of the cardiac myocytes is closely
associated with perturbations of both cell volume and ion
channel function (Frey et al. 2004; Duan ef al. 2005).
Other pathological stress such as myocardial hypoxia,
ischaemia and reperfusion also causes alterations in cell
volume and ion channel activities due to changes in
extracellular osmolarity (Steenbergen et al. 1985; Wright
& Rees, 1998; Befroy et al. 1999). Excessive cell volume
changes in the heart may cause profound alteration of
structural integrity and constancy of the intracellular
milieu, which in turn will affect many cellular functions,
including: cardiac electrical activity and contractility due
to changes in membrane ion permeability (Vandenberg
et al. 1996; Wright & Rees, 1998; Befroy et al. 1999; Kocic
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et al. 2001; Baumgarten & Clemo, 2003; Frey et al. 2004);
intracellular metabolism (Wright & Rees, 1998; Kocic
et al. 2001; Baumgarten & Clemo, 2003); and multiple
intracellular signal cascades including protein kinase C
(PKC) and protein phosphatases (Wright & Rees, 1998;
Duan ef al. 1999a; Lang et al. 2000; Baumgarten &
Clemo, 2003; Dorn & Force, 2005). In fact, it has been
consistently shown that hyposmotic cell swelling causes
significant shortening in APD of both atrial and ventricular
myocytes (Vandenberg et al. 1997; Kocic et al. 2001; Duan
et al. 2005). Although activation of the volume-regulated
Cl™ current (Igyo) (Duan et al. 1997a,b, 19994
Vandenberg et al. 1997), the slow delayed rectifier (Ix )
(Rees et al. 1995), the ATP-sensitive Kt current (I arp)
(Priebe & Beuckelmann, 1998), and the Cl~ inward
rectifier (I ;) (Duan et al. 2000), has been reported
to contribute to cell swelling-induced APD shortening
(Hiraoka et al. 1998; Kocic et al. 2001), the mechanism
for the shortening in early phase 1 repolarization of APD
remains unclear. Itis not known whether I, g, is regulated
by cell volume changes, and whether the shortening in
phase 1 of cardiac APD is due to cell swelling-induced
up-regulation of I, f,s; (Vandenberg et al. 1996; Hiraoka
et al. 1998; Wright & Rees, 1998; Kocic et al. 2001).

In mouse cardiac myocytes isolated from the apex of
left ventricle, previous studies have identified at least four
distinct voltage-dependent K currents, namely the fast
transient outward K™ current (I, fs), the ultra-rapidly
activating, slowly inactivating delayed rectifier K current
(Ix slow1)> the TEA-sensitive slowly activating delayed
rectifier Kt current (Ix gow2) and the non-inactivating
steady-state current (I). In addition to their distinct
molecular identities these Kt currents can be effectively
separated for the purpose of functional characterization
in cardiac myocytes by using a combination of biophysical
and pharmacological approaches (Brouillette et al. 2004).
In this study, we adapted these valid approaches to
isolate I,y from other Kt currents (e.g. Ik sowis
Ixgow2 and Ig) in cardiac myocytes of mouse left
ventricle apex and investigated cell volume regulation
of I fs- We found that I, gy and its key molecular
components, both K,4.2 and K,4.3 channels, are strongly
regulated by cell volume through a phosphorylation and
dephosphorylation mechanism mediated by PKC and
serine/threonine phosphatase(s). These results suggest a
novel role of K,4.2/4.3 channels in electrical remodelling
caused by cell volume changes such as cell swelling and
hypertrophy, and thus provide an alternative mechanism
for their function in heart diseases.

Methods

The investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the US
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National Institutes of Health (NIH Publication No. 85-23,
revised 1996) and was in accordance with the institutional
guidelines for animal care and use approved by the
University of Nevada, Reno Institutional Animal Care and
Use Committee.

Isolation of single cardiac myocytes

Single cardiac myocytes were isolated from left ventricular
apex of adult mice (C57/BL, male, 25-30¢g) using a
well-established method as previously described (Duan
et al. 1993, 1999b, 2000). Briefly, the animals were
anaesthetized by injection of sodium phenobarbitone
(50 mgkg™!, 1.p.) until a surgical level of anaesthesia was
confirmed by loss of withdrawal reflex to toe pinch. A
thoracotomy was then performed; the heart was quickly
removed and perfused in a Langendorff mode, first
with normal Tyrode solution and then with Ca*"-free
Tyrode solution until heart beating completely ceased.
The hearts were then perfused with the same Ca**-free
Tyrode solution but containing 0.04% collagenase type
2 (Worthington, Biochemical, Lakewood, NJ, USA Co.)
for 10-15min. The left ventricular apex was removed
and isolated myocytes were harvested. Only Ca®*-tolerant
quiescent myocytes with a typical rod-shaped form
and clear cross-striations were used for experiments.
Cell dimensions (diameter or width and length) were
monitored with two calibrated graticules (one for width
and the other for length) in the microscope and cell volume
was estimated with assumed right cylindrical geometry
according to the following equation: V =mL(D/2)?
where V, L and D are cell volume, length and diameter,
respectively (Duan et al. 1997a).

Expression of K,4.2 and K,4.3 in NIH/3T3
mammalian cells

The cDNA of rat K,4.3 long form (rK,4.31, Genebank
accession number AB003587) and rat K,4.2 (Genebank
accession number M59980) (generous gifts from Dr
Susumu Ohya, Department of Molecular & Cellular
Pharmacology, Nagoya City University, Japan) were
transfected into NIH/3T3 cells by Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA). NIH/3T3 cells
(American Type Culture Collection, Rockville, MD, USA)
were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 5% fetal calf serum (Invitrogen). The
day before transfection, cells were trypsinized and plated
into 24-well plates at 1.5 x 10° cells per well so that
they were 90-95% confluent on the day of transfection.
Stable transfectants were selected by 1000 g ml~' G418
(Invitrogen). Individual G418-resistant subclones were
isolated, expanded and maintained. Cells were grown
on sterile glass coverslips for 1day and then used for
patch-clamping experiments.
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Solutions

For current-clamp and voltage-clamp experiments
shown in Fig. 1, the hyposmotic bath solution contained
(mm): sodium aspartate, 110; potassium aspartate, 5.4;
MgCl,, 0.8; CaCl,, 1; NaCl, 10; glucose, 10; Hepes,
10; pH7.2, 235mosmolkg™'. The isosmotic bath
solutions were the same except that the osmolarity was
adjusted to 305 mosmol kg™! by adding mannitol. The
pipette solution contained (mm): KCI, 20; potassium
aspartate, 120; Mg-ATP, 5; EGTA, 10; Hepes, 10; pH 7.2,
290 mosmol kg™!. A high concentration of ATP (5 mm)
in the pipette solution was used to prevent the activation
of Kuyrp and its contribution to APD. For the rest
of the voltage-clamp experiments, bath and pipette
solutions were chosen to facilitate I, recording and
to eliminate contaminations from other currents. The
standard hyposmotic bath solution contained (mm):
N-methyl-p-glucamine (NMDG), 85; vL-aspartaric
acid, 95; CdCl,, 0.3; MgCl,, 0.8; BaCly, 2; CaCly, 1;
KCl, 5.4; TEA-Cl, 10; glucose, 10; Hepes, 10; pH 7.2,
235mosmol kg™!. The isosmotic and hyperosmotic
bath solutions were the same as the hyposmotic bath
solution except that the osmolarity was adjusted
by adding mannitol to 305and 350 mosmolkg™!,
respectively. The standard pipette solution contained
(mMm): KCl, 20; potassium aspartate, 120; Mg-ATP, 5;
EGTA, 10; Hepes, 10; pH 7.2, 290 mosmol kg~'. EGTA
(10 mm) was included in the pipette solution and Cd**
(0.3 mm), Ba’* (2 mm) and TEA-CI (10 mm) were present
continuously in the bath solution to block L-type Ca®*
current (Ic,p, Ca*")-dependent outward K* and Cl™
currents, K™ inward rectifiers (I, ), and delayed rectifiers
(Ixs> Ix: and Iggow2), respectively (Duan et al. 1993,
199956, 2000; Zhou et al. 2003). Extracellular Na* was
eliminated to preclude the contamination by Na*t current
(Ina). Low Cl~ concentrations on both extracellular
([Cl7],=21.6 mMm) and intracellular ([Cl™]; =20 mm)
sides were used to minimize contamination from
the swelling-activated Cl~ currents (Icswen) and Igpi
(Duan et al. 1997a,b, 2000) and the Ca’*-activated
Cl™ current (I, or Iy, 2) in mouse ventricular myocytes
(Xu et al. 2002). The osmolarity of all solutions was
measured just before each experiment by the Advanced
Microosmometer 3300 (Advanced Instruments, Inc.,
Norwood, MA, USA). Isosmotic (1T; where T is relative
osmolarity) solution was set as 305mosmol kg™
Therefore, the hyposmotic solutions were 0.77T
(235/305 mosmol kg™!) and the hyperosmotic solutions
were 1.15T (350/305 mosmol kg™!). All chemicals were
purchased from Sigma.

Electrophysiological measurements and data analysis

The tight-seal,  whole-cell
voltage-clamp techniques as

current-clamp  and
previously described
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(Hamill et al. 1991; Duan et al. 1997 a,b, 1999b, 2000) were
used to record action potentials and whole-cell currents,
respectively, from single mouse ventricular myocytes.
Voltage-clamp and current-clamp recordings were
obtained using an Axopatch 200 A patch-clamp amplifier
(Axon Instruments, Inc., Union City, CA, USA). Data
acquisition and command potentials were controlled by
pCLAMP 8.0 software (Axon Instruments). Currents were
recorded from a holding potential of —60 mV to a series
of test potentials from —50 to +-80 mV for 1 s in +10 mV
increments at an interval of 10 s. Whole-cell currents were
filtered at 1 kHz and sampled at 5 kHz. Action potentials
were recorded simultaneously from the same myocytes
using a brief stimulus (2-ms depolarizing current) at
a frequency of 5Hz under the same conditions for the
recording of outward K currents. Recording pipettes
were prepared from borosilicate glass electrodes (1.5 mm
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Figure 1. Osmotic regulation of APD and /i, in mouse left
ventricular apex myocytes

A, superimposed representative action potential recordings under
isosmotic (Iso, 305 mosmol kg~") and hyposmotic (Hypo,

235 mosmol kg~") conditions. B, original traces of whole-cell currents
measured in the same cell as in panel A. a, superimposed
representative whole-cell current traces recorded with the voltage
protocols shown above, under isosmotic (Iso) and hyposmotic (Hypo)
conditions. b, hyposmotic stress-sensitive current obtained by
subtracting the current recorded under isosmotic (Iso) conditions from
that under hyposmotic (Hypo) conditions.




426 G.-L. Wang and others

J Physiol 568.2

Table 1. Effects of hyposmotic cell swelling on action potential in mouse ventricular

myocytes
Resting potential APD APD35 APD75 APDgg
(mV) (ms) (ms) (ms) (ms)
Isosmotic —69.5+1.6 95.1+9.8 2.7+05 18.0+ 4.4 452 +7.9
Hyposmotic —685+1.2 58.4 +8.8* 1.8+0.4* 13.7+5.1* 25.3 £ 7.0**
* P <0.05, * * P < 0.01 versus isosmotic (n = 5).
o.d.) with tip resistance of 1-3 MQ when filled with  Results

pipette solutions. The cell capacitance was calculated by
integrating the area under an uncompensated capacitive
transient elicited by a 5-mV hyperpolarizing pulse from
a holding potential of 0 mV. The whole-cell membrane
capacitance of mouse left ventricular myocytes was
116 £ 14 pF (n=60). To separate individual outward
Kt current components, currents were elicited by a
+30-mV depolarizing step from a holding potential of
—80 mV. The amplitude of test current components was
measured as the difference between the peak current
and the current level at the end of the voltage pulse. A
conventional two-pulse protocol was used to analyse the
effects of osmotic stress on the voltage dependence of the
inactivation. For Iy, g, cells were first clamped to different
potentials ranging from —100to 0 mV for 100 ms, and
then followed by a 1-s test pulse to +30 mV. The amplitude
of test current evoked from each prepulse potential was
normalized to the maximal current amplitude (Iy.x)
evoked from —100mV (at which inactivation was
completely removed), and plotted as a function of the
inactivating prepulse potential. The inactivation curves
obtained from the double-pulse protocol were fitted to the
following Boltzmann equation: y,, = 1/{1 4+ exp [(Vp, —
V1,2)/k]}, where V,, is the potential of the prepulse,
V1), is the membrane potential at 50% inactivation and
k is the slope factor. The time course of recovery from
inactivation was determined by a double-pulse stimulus
protocol. The first depolarization pulse (P1) was applied
from a holding potential of —80mV to +30mV for
500 ms (to completely inactivate the currents) followed
by a second depolarization pulse (P2) to +30 mV for
500 ms with variable interpulse intervals at the holding
potential. The test-current amplitudes evoked by P2 at
430 mV after each recovery period were normalized to
the current amplitudes evoked by P1 in the same cell,
and plotted against recovery time. Exponential functions
were fitted to the data describing the recovery from
inactivation. Details are given in Results. All experiments
were conducted at room temperature (22-24°C). To
account for differences in cell size, whole-cell currents
were normalized to cell capacitance, and the average
data were reported as current densities (pA pF~!). Group
data are presented as means % s.E.M. Student’s ¢-test was
used to determine statistical significance. A two-tailed
probability (P) of 5% was considered significant.

Effects of osmotic stress on APD and transient
outward K* currents in native mouse ventricular
myocytes

To examine the cell swelling-induced APD changes
in mouse ventricular myocytes and the corresponding
changes in whole-cell currents, action potentials and
whole-cell currents were recorded from the same cell using
alternations of voltage-clamp and current-clamp modes
under the same conditions. Representative superimposed
action potential traces recorded from a ventricular
myocyte exposed to isosmotic (Iso) and hyposmotic
(Hypo) solutions for 10 min, respectively, are shown in
Fig. 1A. Consistent with previous observations in cardiac
myocytes of mouse and several other species (Hamill et al.
1991; Duan et al. 1995, 1997a,b, 19994; Vandenberg et al.
1997; Kocic et al. 2001), exposure of mouse left ventricular
myocytes to hyposmotic perfusates caused cell swelling
(~150% increase in cell size) (Duan et al. 1995, 2000),
which was accompanied by a significant shortening in APD
in all (five out of five) tested cells. Table 1 summarizes
the changes in the action potential parameters under
isosmotic and hyposmotic conditions. Hyposmotic cell
swelling caused a significant shortening in APD, especially
in the early repolarization phases as measured at 5%
(APDs) and 10% (APDy,) repolarization. APDs shortened
58 £5% and APD;, shortened 38 £ 3%, respectively
(n=5, P<0.001 versus isosmotic conditions). These
changes were accompanied by a significant increase
in the outward currents (Fig.1Ba) under the same
hyposmotic conditions. It has been previously reported
thatactivation of several volume-sensitive currents, such as
Iy swen (Duan et al. 1997a,b, 2000; Vandenberg et al. 1997),
Ixs (Rees et al. 1995), Ix arp (Priebe & Beuckelmann,
1998) and I¢y; (Duan ef al. 2000), may be responsible
for the swelling-induced shortening in APD but the
mechanism for the shortening in early repolarization
(APDs and APD,) remains unclear. As shown in Fig. 1Bb,
cell swelling-induced currents include a transient outward
current, suggesting that cell swelling-induced increase in
transient outward Kt currents may contribute to the
shortening in early repolarization.

In our experimental conditions, hyposmotic cell
swelling failed to cause significant changes in resting
membrane potential (RMP) (Table 1) and Ix; (data not
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shown) in mouse ventricular myocytes. The measured
mean RMP of the single adult mouse ventricular
myocytes was —69.5+ 1.6 mV (n=>5, Table 1), which
is more positive than the predicted normal RMP
(>—80 mV) of ventricular myocytes but is in very good
agreement with the value of —64 to —68 mV measured
also from adult mouse ventricular myocytes under similar
experimental conditions by Nerbonne and colleagues
(Barry et al. 1998; Xu et al. 1999a,c). The depolarized RMP
recorded from a single ventricular myocyte may be due
to a number of reasons, such as: the compositions of the
bath and pipette solutions, the experimental temperature,
the status of the isolated single adult mouse ventricular
myocytes, etc. Therefore caution should be used when
interpreting the action potential results recorded from
a single cell. In our study of the effects of hyposmotic
challenge on the action potentials, therefore, we designed
a parallel control group to monitor the changes in action
potentials when the cells were exposed to only isosmotic
bath solutions for the same time course (at least 30 min).
No significant changes in APD and outward current were
found in the control group (n = 4, data not shown) while
hyposmotic cell swelling caused a significant shortening
in APD, especially the early phase of APD (Table 1). These
observations are consistent with previous reports from
many other laboratories (Vandenberg et al. 1997; Kocic
et al. 2001; Duan et al. 2005).

The results shown in Fig.1Bb are very intriguing
because there is currently no information available
in the literature about the cell volume regulation of
transient outward currents in the heart or any other
tissues. Given the well-documented crucial role of the
transient outward K* currents in the early repolarization
and E-C coupling (ECC) in human and numerous other
animal models (Barry et al. 1998; Kaab et al. 1998; Wang
et al. 1999; Yue et al. 1999; Huang et al. 2000), it is
very important to determine whether or not these Kt
currents in cardiac myocytes are regulated by osmotic
stress-induced cell volume changes. We therefore used
experimental approaches that are well-established in our
laboratory (Duan et al. 1993, 1995, 1997a,b, 19994, 2000)
to study the osmotic regulation of the transient outward
currents. Figure2A shows the time course of osmotic
stress on the changes in cell volume and the transient
outward peak current recorded in a single cell at +40 mV
from a holding potential of —60 mV under isosmotic,
hyposmotic and hyperosmotic conditions. Exposure to
hyposmotic solutions caused a time-dependent cell
swelling and increase in the peak current. As shown
in Fig.2A, cell volume started to increase <1 min
after hyposmotic perfusion and reached steady state
in 10min. Peak current started to increase after
3 min perfusion with hyposmotic solutions and reached
steady state after 15min hyposmotic perfusion. In
seven cells, hyposmotic challenge increased the mean
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cell volume from 128704 1488 to 19217 2903 um?
(143 £ 7% increase, P < 0.01, n=7) and the peak current
density from 24.7 0.3 to 41.2 + 0.4 pApF~! (162 £ 7%
increase, P < 0.001, n = 7). Hyperosmotic solution caused
a time-dependent cell shrinkage (9824 £ 2903 um?,
n=7) and a decrease in the peak current density
(20.4 £0.2pApF~!, n=7) after 20-min hyperosmotic
perfusion. In all of these cells, there was usually a
~2-min lag between changes in the peak current and
the cell volume. The slower onset of the changes in
Ipeak strongly supports the notion that the regulation
of Ipek by osmotic challenges is a result of cell volume
changes, which may be working by affecting intracellular
and/or cell membrane-bounded (for example, stretch of
cytoskeleton) signalling transduction pathways.

Figure 2B shows a representative family of outward
currents recorded in a myocyte under isosmotic (a),
hyposmotic (b) and hyperosmotic (¢) conditions.
These osmotic stress-regulated outward currents are the
Ca’*-independent voltage-gated transient outward K*
currents because: (1) contamination from other ionic
channels such as Ix; Ixs Ixsiowz> Ixi> Icars Icicas Ina
and I swen Were eliminated or minimized by TEA, Ba**,
Cd**, no Na™, high intracellular EGTA (10 mm) and
low concentrations of Cl~ (see Methods); and (2) the
transient outward currents under hyposmotic conditions
were significantly blocked by 4-aminopyridine (4-AP;
5 mM, data not shown). Chiamvimonvant and colleagues
have discovered a Ca’*-activated Cl~ channel in mouse
heart (Xu et al. 2002). The Ca®*-activated Cl~ current
(Icica) is also called Iy, , because its transient activation
and inactivation properties are very similar to I, fas-
Therefore, it is possible that activation of I¢j c, may also
contribute to the shortening in early repolarization of
cardiac APD observed in the ventricular myocytes. There
is currently no information about the volume regulation
of cardiac Ca*"-activated Cl~ channels available in any
species (Hume et al. 2000; Duan et al. 2005). In the pre-
sent study, however, the possible contribution of I¢ ¢, to
the observed cell volume regulation of I, was eliminated
by using a very high intracellular EGTA (10 mm) to buffer
intracellular Ca** and very low concentrations of Cl~ in
both pipette and bath solutions (~20 mm) to minimize
Cl™ currents.

Figure 2C shows the mean current—voltage (I-V)
relationship of osmotic-regulated peak (Ipe) and
steady-state (I;;) components of the outward K* current.
The density of I,e.« was measured as the difference between
the peak current and the current level at the end of the
voltage steps then normalized with the cell capacitance.
The mean current density of I was increased
significantly by hyposmotic-induced cell swelling over
the range of —30to +80mV, and the subsequent
hyperosmotic cell shrinkage decreased the mean current
density of I,k significantly over the range of 0 to +-80 mV.
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For example, the current density of Iei at +40mV
was 26.6 + 1.3, 36.7 = 1.6 and 21 £ 2.1 pApF~! (n=12,
P < 0.01), under isosmotic, hyposmotic and hyperosmotic
conditions, respectively. The non-inactivating steady-state
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current that remains at the end of 4.5-s voltage steps is
referred to as I, (Xu et al. 1999b). In contrast to e, and
as shown in Fig. 2D, I was not affected by changes in
osmotic conditions. For example, at +40 mV, the current
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Figure 2. Effects of osmotic stress on cell volume and transient outward K* currents in mouse ventricular

apex myocytes

A, representative time course of changes in cell volume (O, y-axis on the left) and peak transient outward

K* current density (®

, y-axis on the right) in a single mouse ventricular myocyte under different osmotic conditions.

Cell volume and the whole-cell outward currents elicited by a 1-s depolarizing voltage pulse to +40 mV from a
holding potential of —60 mV were continuously monitored every 1 min when the cell was exposed to isosmotic
(Iso), hyposmotic (Hypo) and hyperosmotic (Hyper) solutions, respectively. Similar results were observed in seven
cells. B, families of whole-cell outward currents elicited by a series of 4.5-s depolarizing voltage steps from a holding
potential of —60 mV to potentials between —50 and +80 mV in 10-mV increments (inset on top) under isosmotic
(@), hyposmotic (b) and hyperosmotic (c) conditions. C and D, mean I~V curves for /yea and Iss in mouse apex
myocytes (n = 12) under isosmotic, hyposmotic and hyperosmotic conditions. /peax Was measured as the peak of

outward currents (at 10-50 ms) and /ss was measured at the end of 4.5-s voltage steps. *

versus isosmotic conditions.

P <0.05,**P<0.01
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densities of I, were 5.6 +0.5, 5.8+0.5 and 5.4+ 0.4
pA pF~! under isosmotic, hyposmotic and hyperosmotic
conditions, respectively (n =12, NS).

Effects of hyposmotic cell swelling on /i fast in mouse
left ventricular apex myocytes

In mouse left ventricular apex, voltage-dependent outward
K* currents are composed of at least four K™ currents:
Lo fast> Ik stowt> Ik slow2 and I (Xu et al. 1999b; Zhou et al.
2003). While I gowz can be selectively eliminated by 10 mm
of TEA (Zhou et al. 2003), the separation of I, 5 from
I sow1 and I was relatively more difficult. In this study,
we adapted an approach established by Brouillette and
colleagues to further effectively separate I, .5 from I gow1
and I in mouse ventricular myocytes (Brouillette et al.
2004). Because Iy, s inactivates much more rapidly than
the other outward K* current components (I gow1 and
I), it could be separated from those K currents by using
‘inactivating’ prepulses (Fig. 3A and B) (Brouillette et al.
2004). In our experimental conditions I, s in mouse
left ventricular apex myocytes inactivated completely

Figure 3. Hyposmotic cell swelling A a
increases Iy, fast but not Iss in mouse left

ventricular apex myocytes

A, effects of osmotic stress on /g fast. lso "80mV

Whole-cell currents were recorded in the
presence of 50 uM 4-AP from the same cell
with voltage protocols shown on the top under
isosmotic (Iso, upper traces) and hyposmotic
(Hypo, lower traces) conditions. Cells were held
at —80 mV, and currents were elicited by a
500-ms depolarizing voltage pulse to +10 mV
(a) or by a 500-ms depolarizing step preceded
by a 100-ms ‘inactivating’ prepulse to —20 mV
to inactivate g fast. (b). o fast Was measured

from the prepulse-sensitive difference currents +30 mV
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at membrane potentials more positive than —20 mV
(see Fig.4). The time constant of I, g inactivation
was 31+7ms (at +10mV, n=7). In addition,
previous studies have shown that 10-100 M of 4-AP can
selectively block I go1 Without significant effects on I, fas
in mouse ventricular myocytes (Xu et al. 1999b; Brouillette
et al. 2004). In the present study, we also performed
additional experiments with different concentrations
of 4-AP (10, 50 and 100 um) under isosmotic and
hyposmotic conditions and found that 50 um 4-AP was
able to selectively block Ik gow1 With insignificant blocking
effects on Iy, s (see Fig.3A). The osmotic challenge
does not change the concentration—effect curves of 4-AP.
Therefore, a combination of a 100-ms ‘inactivating’
prepulse to —20mV and 50 um of 4-AP in the bath
solutions was used to effectively separate I, fg from other
K* currents in the ventricular myocytes.

Figure 3Ab shows the currents recorded by a
depolarizing step from a 100-ms ‘inactivating’ prepulse of
—20mV to +10 mV for 500 ms in the presence of 50 um
4-AP under isosmotic (Iso, upper traces) and hyposmotic
(Hypo, lower traces) conditions. Subtraction of the traces

00 ms 500 ms +10 mV

-20 mV

(a-b) =1,

0, fast

+10 mV
-80 mV:

500 ms

obtained by subtracting the currents in panel b -80 mV J
from the currents in panel a (@ — b) under
corresponding osmotic conditions (c). B, effects
of hyposmotic cell swelling on /ss. The voltage
protocol (shown on the top) consists of a 5-s,
+30-mV step and a 0.75-s, +10-mV step,

which is interposed by a 100-ms ‘inactivating’

-20 mV

Iso

prepulse at —20 mV. The membrane currents
elicited by the depolarization step from
—20mV to +10 mV are Iss. Representative /ss
recorded under isosmotic (Iso) and hyposmotic
(Hypo) conditions are shown on expanded time
and current scales in panels a and b. The
dashed lines indicate zero current.
Representative whole-cell current traces are
shown in the inset. C, mean current densities
of lio fast (Ac, n=7) and Iss (B, n = 6) in mouse
left ventricular apex myocytes under isosmotic
(black bars) and hyposmotic (grey bars)
conditions. ** P < 0.01 versus isosmotic
condition.
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recorded with the inactivating prepulse protocol (Fig. 3Ab)
from those without the prepulse (Fig.3Aa) revealed a
prepulse-sensitive current (Fig. 3Ac). This fast activating
and inactivating prepulse-sensitive current corresponds to
the I, st as previously described in mouse ventricular
myocytes (Xu etal. 1999b; Brouillette et al. 2004). As shown
inFig. 3Ac, hyposmotic cell swelling significantly increased
Iio fast- The decaying phase of prepulse-sensitive current
was well fitted by a single exponential function with mean
values of the time constant of 27 £ 4 and 25 £ 3 ms under
isosmotic and hyposmotic conditions, respectively (n =7,
P > 0.05), further confirming that this current is the fast

1000 ms

+30 mV

-80 mV

400 600

J Physiol 568.2

inactivating I, .- The inactivation kinetics of I, g5 Was
not affected by cell swelling.

The results shown in Figs 2 and 3A indicate that I, g,
but not I, was regulated by hyposmotic cell swelling
or hyperosmotic cell shrinkage. To further confirm this,
as shown in Fig. 3B, a combination of 50 um 4-AP and
an inactivating prepulse (Fig. 3B, inset on top) was used
to separate I from I gow1 and Iy fas, respectively. The
voltage protocol involves a long depolarizing voltage
step from a holding potential of —80 mV to +30 mV for
5s, which is sufficient to completely inactivate Iy gow
(Wang et al. 1999; Xu et al. 1999b; Brouillette et al

. @ Iso
0.8 A V Hypo

-100 -80 -60 -40 -20 O
V (mV)

400

200 300
Recovery Time (ms)

Figure 4. Effects of osmotic stress on voltage-dependent gating properties of I, f,5: in mouse ventricular

apex myocytes

A, the voltage dependence of steady-state inactivation of /i 55t Outward KT currents were recorded during 1-s
depolarization to +30 mV after 100-ms prepulses to potentials between —100 and 0 mV (protocol shown on the
top) in the presence of 50 um 4-AP. The representative current traces recorded under hyposmotic conditions are
shown on the left. The test pulse currents obtained with the —20, —10 and 0 mV prepulses were superimposed
on each other. The difference currents were obtained by subtraction of the test pulse currents recorded with
the —20-mV prepulse from those recorded with prepulses between —100 and 0 mV. No inactivating component
was observed with prepulses of —20, —10 and 0 mV. Numbers next to current traces indicate the corresponding
potential of the inactivating prepulse. B, mean steady-state voltage-dependent inactivation curve of /i fast Under
isosmotic and hyposmotic conditions (n = 6). Peak /i, fast recorded at +30 mV was normalized to the corresponding
current amplitude measured at —100 mV. C and D, effects of cell swelling on the recovery from inactivation
of I fast; C, representative current traces recorded using a double-pulse voltage protocol (shown on the top);
D, recovery of Iy, 145t from inactivation under isosmotic and hyposmotic conditions (n = 7).

© The Physiological Society 2005



J Physiol 568.2

2004), followed by a brief 100-ms ‘gap’ at —20mV,
which inactivates I, . The current activated by the
second depolarizing step from —20mV to +10mV
for 750 ms was the non-inactivating current Iy as
shown with expanded time and current scales in the
insets. The amplitude of I under isosmotic conditions
(Fig. 3Ba) was unchanged after exposure to hyposmotic
solutions (Fig. 3Bb). Similar results were observed when
the same voltage protocol was applied to the same
cells in the absence of 50 um 4-AP (data not shown).
Figure 3C summarizes the mean current densities of I, f,s
(as measured in Fig. 3Ac) and I (as measured in Fig. 3Ba
and b) obtained under isosmotic (black bars) and
hyposmotic (grey bars) conditions, respectively.
Consistent with previous reports (Xu et al. 1999b),
Iofast 1S @ major contributor to the peak outward
KT currents under both osmotic conditions, while I
was significantly smaller than Iy, fs. The current density
of I st Was significantly increased from 14.1 £ 1.1 to
19.5+1.5pApF! (n=7, P<0.01) by hyposmotic
cell swelling, whereas the current density of I was not
changed after exposure to hyposmotic solution (6.1 + 0.9
and 6.5+ 0.7 pA pF~! under isosmotic and hyposmotic
conditions, respectively; n=6, P>0.05). When
hyperosmotic perfusion was applied to the cells first,
there was a significant decrease in the current amplitude
of Iy fast in mouse ventricular myocytes. For example, the
mean current density of I, g, at +10 mV was decreased
from 1524+ 1.2 to 10.5+ 1.5pApF~! (n=4, P <0.01)
by hyperosmotic cell shrinkage.

The above results indicate that: (1) I pg In
native mouse ventricular myocytes can be effectively
separated from other outward K* current components
(Ixsow1 and Ig) using a combination of voltage
protocols and pharmacological tools; (2) hyposmotic cell
swelling activates Iy, fs but not I, suggesting that specific
activation of I, s may be responsible for the shortening
in early repolarization (APDs and APD,j).

Effects of hyposmotic cell swelling on
voltage-dependent gating properties of I fast

We next tested whether the regulation of Iy, s by cell
volume changes is due to changes in the voltage-dependent
gating mechanism. The steady-state voltage-dependent
inactivation of I, s Was examined using the double-pulse
protocol (see Methods) in the presence of 50 um 4-AP
as previously described (Brouillette et al. 2004), under
isosmotic and hyposmotic conditions (Fig.4A). As
shown by the current traces on the left in Fig. 4A,
the test pulse currents obtained with inactivating
prepulses of 0, —10 and —20 mV were superimposed. The
current traces on the right in Fig. 4A were the difference
currents obtained from the subtraction of the currents
recorded with the prepulse of —20 mV from those with
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prepulses from —100to OmV. No inactivating
components were observed at prepulses of —20, —10 and
0 mV, indicating that I, s could be inactivated completely
at a membrane voltage more positive than —20 mV. These
results also confirm that it is optimal to choose —20 mV
as the inactivating prepulse for separation of Iy, fag-
Figure 4B shows the mean steady-state inactivation
curve of Iy, e averaged from six cells. Consistent with
previous observations in mouse ventricular myocytes
(Xu et al. 1999b; Brouillette et al. 2004), the steady-state
inactivation of I, s was best fitted by a single Boltzmann
function with a derived V', of —48.5 4 0.6 mV and slope
factor (k) of 7.7+ 0.4 mV under isosmotic conditions.
Hyposmotic cell swelling failed to alter both parameters
(—49.7£13 and 7.0£0.4mV, respectively; n=6,
P> 0.05).

The process of I, fs recovery from inactivation under
isosmotic and hyposmotic conditions was examined using
a double-pulse protocol in the presence of 50 um 4-AP
(see Methods) (Brouillette et al. 2004). Figure 4C shows
representative current traces recorded under hyposmotic
conditions. Figure4D summarizes the time course of
recovery of I, f from inactivation. Under isosmotic
conditions the recovery process of I, f.r was best fitted
by a single exponential function with a mean time
constant (t) of 49+ 6ms. Exposure to hyposmotic
solutions failed to significantly alter the recovery process
(t =46+ 7ms, n=7, P> 0.05). Since the recovery of
Iio fase from inactivation is a voltage-dependent process
(Brouillette et al. 2004) we further examined whether
osmotic challenge affects the kinetics of recovery from
inactivation at different holding potentials. The recovery
of I, st Was significantly faster at more hyperpolarized
potentials under isosmotic conditions. The mean time
constants (t) were 49 6,68 =5and 127 + 6 ms (n=7)
at —80, —70 and —60 mV, respectively. No significant
changes in the recovery process were observed when
the cells were exposed to hyposmotic solutions. The
corresponding mean t values were 46 +7, 64+7 and
119 + 8 msatholding potentials of —80, —70 and —60 mV,
respectively (n=7, P > 0.05).

Taken together, these results indicate that cell swelling
increased Iy, fs current density through a mechanism that
was independent of the voltage-gating properties of the
channel.

Role of PKC and phosphatases in the regulation
of It fast by hyposmotic cell swelling

Asdescribed above in Fig. 2A, the onset of changes in I, f,5
was slower than changes in the cell volume, suggesting that
an intracellular signalling transduction pathway may be
involved in the volume regulation of the channels. Indeed,
numerous previous studies have reported that changes in
protein phosphorylation/dephosphorylation activities are
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closely related to changes in cell volume in a variety of cell
types of different species (for review see Duan et al. 19994;
Lang et al. 2000; Zhong et al. 2002; Baumgarten & Clemo,
2003). In some cells, including cardiac cells, hyposmotic
cell swelling induces protein dephosphorylation whereas
cell shrinkage causes protein phosphorylation due to
altered activities of protein kinases and/or phosphatases
(Duan et al. 1995, 1999a; Duan & Hume, 2000; Ellershaw
et al. 2000; Lang et al. 2000; Rutledge et al. 2001;
Zhong et al. 2002; Ellershaw et al. 2002). In cardiac and
many non-cardiac cells, for example, volume regulation
of ClI~ channels is linked to PKC phosphorylation
and dephosphorylation (Duan et al. 1995, 19994; Lang
et al. 2000; Ellershaw et al. 2002; Zhong et al. 2002;
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Baumgarten & Clemo, 2003). It is noteworthy that both
native I, in cardiac myocytes and the expressed K,4.2
and K,4.3 currents have been previously reported to
be regulated by PKC (Nakamura et al. 1997; Po et al.
2001; Shimoni & Liu, 2003) or protein phosphatases
(Caballero et al. 2004). Therefore, we tested whether
volume regulation of native I, f,s in mouse heart is also
mediated through a phosphorylation/dephosphorylation
mechanism.

Figure 5 shows the effects of a PKC activator,
phorbol-12,13-dibutyrate (PDBu, 100 nm), on I, s in
mouse left ventricular apex myocytes. As described
above in Fig.3A, I, s was measured by subtracting
the current recorded with an inactivating prepulse

Hypo + PDBu

c 20
L 15+
< *%
o
% 10 1
S
8
5 4
0 i
Iso Iso Hypo
+PDBu +PDBu

Figure 5. Effects of PKC activator (PDBu) on /i, ta5: in mouse left ventricular apex myocytes

A, representative current traces of /i sast (Iower traces in each panel) obtained from the subtraction of currents
recorded with the inactivating prepulse from those recorded without the inactivating prepulse (upper superimposed
traces) in the presence of 50 um 4-AP. Voltage protocols are shown on the top. The same cell was consecutively
exposed to isosmotic solution (a), isosmotic + PDBu (100 nm, b), and hyposmotic + PDBu (100 nm, ¢). PDBu
decreased I, 25t Under isosmotic conditions and subsequent hyposmotic perfusion failed to further activate /i fast-
B, time course of changes in normalized /i, 155t at +30 mV when cells were exposed consecutively to isosmotic,
isosmotic + PDBu, and hyposmotic + PDBu solutions. Peak /i, a5t Was recorded every 1 min then normalized to
the initial corresponding value at time 0 (n = 7). C, mean peak current densities of /y, 1a5t recorded when cells were
exposed to isosmotic, isosmotic + PDBu, and hyposmotic 4+ PDBu solutions. Currents were obtained using the
protocols shown in panel A (n = 7). **P < 0.01 versus isosmotic (Iso) condition.
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at —20mV for 100 ms from that recorded without the
prepulse in the presence of 50 um 4-AP. In Fig. 54, the
representative current traces recorded with and without
the prepulses are superimposed (upper traces). The
corresponding difference currents (I, ;) yielded from
the subtraction under isosmotic (a), isosmotic + PDBu
(b) and hyposmotic + PDBu (¢) conditions are shown
in the lower panels. When the cells were exposed to
isosmotic solutions for 5min, activation of PKC by
PDBu caused a time-dependent inhibition of the peak
Io fast» which reached the steady state within 10 min. Sub-
sequent exposure of the cells to hyposmotic solutions in
the presence of PDBu failed to increase Iy, fs: (Fig. 5B).
Similar results were observed in seven cells. At +30 mV,
for example, PDBu significantly inhibited I, g5 (from
172+ 1.8 to 9.7+ 1.6 pApF~!, n=7, P <0.01) under
isosmotic conditions and prevented further activation
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by hyposmotic cell swelling (10.1+1.9pApF!, n=7,
P > 0.05). The mean current densities of Iy, s recorded
at +30 mV under corresponding conditions to those in
Fig. 5A and Bare shown in Fig. 5C. When cells were treated
with 100 nM 4a-phorbol 12, 13-didecanoate (4a-PDD; an
inactive form of PDBu), however, no inhibition of I, g
by 4a-PDD was observed and hyposmotic cell swelling
caused a similar increase in Iy, f,5 as seen in the absence of
either 4a-PDD or PDBu (data not shown); this suggests
that the observed effect of PDBu on volume regulation of
Lo fast 1s nOt due to a non-specific effect of phorbol esters.

To further test whether PKC is indeed involved
in the volume regulation of I, e in cardiac
myocytes, we examined the effect of a PKC inhibitor,
bisindolylmaleimide (BIM; 100nMm), on cell volume
regulation of I, . As shown in Fig. 6, exposure of
the cells to BIM under isosmotic condition caused

Hypo + BIM
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Figure 6. Effects of PKC inhibitor (BIM) on /i, tast in mouse left ventricular apex myocytes

A, representative current traces of /i, fast recorded from a ventricular myocyte using the same voltage protocols
as shown in Fig. 5A in the presence of 50 uM 4-AP when the same cell was consecutively exposed to isosmotic
(a), isosmotic + BIM (100 nwm, b), and hyposmotic + BIM (c) solutions. B. time course of changes in normalized
lo.fast @t +30 mV when cells were exposed consecutively to isosmotic, isosmotic 4+ BIM, and hyposmotic + BIM
solutions. The amplitudes of /i tast Were recorded every 1 min and then normalized to the initial corresponding
value at time O (n=7). C, mean peak current densities of /y, ¢4t (0 = 7) recorded at +30 mV when cells were
exposed to isosmotic, isosmotic + BIM (Iso + BIM), and hyposmotic + BIM (Hypo + BIM) solutions using protocols
shown in Fig. 5A. **P < 0.01 versus isosmotic (Iso) conditions.
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a significant increase in Iy, gy in a time-dependent
fashion (Fig. 6B). At +30 mV, Iy, f, Was increased from
194+ 1.7 to 264+ 1.5pApF! (n=6, P<0.01) and
reached the steady state within 20 min. In the presence of
BIM, however, hyposmotic cell swelling failed to further
increase Iy f (25.8 £ 1.4 pApF~!, n=7, P > 0.05 versus
isosmotic + BIM) (Fig. 6C). These results suggest that cell
volume regulation of I, s in mouse ventricular myocytes
may be linked to a PKC-mediated phosphorylation and
dephosphorylation activity.

In intact cells, protein phosphorylation processes are
reversibly controlled by protein kinases and protein
phosphatases (Hunter, 1995; Herzig & Neumann, 2000).
The balance of kinase and phosphatase activities directly
determines the net level of protein phosphorylation
(Cohen, 1992). Both protein kinases and phosphatases
have been reported to be subject to regulation by cell
volume (Jennings & Schulz, 1991; Lang et al. 1998;
Duan et al. 19994a). To further test the hypothesis that
a balance between channel protein phosphorylation and
dephosphorylation may be the key regulatory event
responsible for I, pg regulation by cell volume in the
face of osmotic perturbation, we studied the effects of
two highly potent serine/threonine protein phosphatase
inhibitors: okadaic acid (Cohen, 1992; Duan et al. 19994a)
and calyculin A (Ishihara et al. 1989; Duan et al. 1999a),
on the osmotic regulation of mouse ventricular I, g5 As
shown in Fig. 7A, the current amplitude of I, g started
to decrease after the cell was exposed to okadaic acid (OA;
100 nM) for >2 min in the isosmotic bath solution and
reached the steady-state level after ~25 min (Fig. 7Ab). In
the presence of OA, subsequent exposure of the cell to
hyposmoticsolution for 10 min caused no changesin I a5
(Fig. 7Ac). Washout of OA with hyposmotic bath solution
for >10 min increased I, f5t (Fig. 7Ad). Re-application of
OA in the same hyposmotic solution inhibited I, fs again.
Figure 7B summarizes the relationship between changes
in mean I, pg current densities and cell volume of six
different mouse ventricular myocytes under isosmotic,
isosmotic + OA, hyposmotic + OA, and hyposmotic
conditions. Under isosmotic conditions, exposure of the
cells to OA caused a significant decrease (from 17.1 & 1.5
to 11.5+ 1.4pApF!, n=6, P <0.05) in I, s but no
significant changes in cell volume (12032 £ 1671 um’
versus 1127441816 um?>, n=6, P> 0.05). In the
presence of OA, subsequent exposure of the cells to hypo-
smotic solution caused a significant increase in cell volume
(20416 £2174 um?, n=6, P <0.05) but no further
significant changes in I, g (11.2 4+ 1.8 pApF~!, n=6,
NS). Washout of OA with hyposmotic solution, however,
caused a significant increase in I, o5 (23.3 = 1.6 pApF~!,
n==6, P < 0.05) while the cell volume remained almost
unchanged (20 145 4 2786 um?, P > 0.05). Similar results
were also observed when another more potent phosphatase
inhibitor, calyculin A (CA, 20nm), was used under
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identical conditions to those described above for OA
(Fig. 7C). These data strongly indicate that inhibition of
serine/thronine phosphatases (types 1 and 2A; PP1 and
PP2A) not only inhibited I, s but also prevented the
effect of hyposmotic cell swelling on the channel in the
intact cardiac myocytes.

Taken together, these results indicate that
phosphorylation of the channel, by either increase in the
protein kinase activity or decrease in the phosphatase
activity, caused an inhibition of the channel activity;
dephosphorylation of the channel, by increase in the
phosphatase activity or decrease in the protein kinase
activity, caused an activation of the channels; these results
suggest that the balance of PKC—phosphatase activity may
be constantly regulated by cell volume and may be the key
regulatory process responsible for the regulation of I, s
by cell volume in the face of osmotic challenges.

Volume regulation of K,4.2 and K,4.3 channels
expressed in NIH/3T3 cells

To further investigate the molecular mechanism
underlying the volume regulation of I, in cardiac
myocytes, we examined whether cell volume changes
also regulate K,4.2 and K,4.3 channels since the primary
subunits that contribute to Iy, s are the K 4.2 or K,4.3
channels, or a combination of the two (Dixon et al. 1996;
Johns et al. 1997; Hoppe et al. 2000).

As shown in Fig. 84, expression of K,4.2 in NIH/3T3
cellsyielded large transient outward currents when the cells
were depolarized from a holding potential of —80 mV to
a variety membrane potentials in increments of +10 mV
under isosmotic conditions (Fig. 8Aa); in contrast, only
very small endogenous voltage-gated outward currents
were recorded from untransfected cells (data not shown).
The expressed K,4.2 currents were markedly blocked
by 5mm 4-AP (data not shown). These results are
consistent with previous studies from other investigators
(Ohya et al. 1997; Hatano et al. 2003). Exposure of the
cells to hyposmotic solutions increased K,4.2 currents
(Fig. 8Ab) and subsequent exposure to hyperosmotic
solutions decreased the currents (Fig. 8 Ac). Similar results
were observed in 12 cells under identical conditions
and the mean I-V curves of the K,4.2 currents under
isosmotic, hyposmotic and hyperosmotic conditions
are shown in Fig.8B (n=12). The mean current
density of K,4.2 channels was increased significantly by
hyposmoticswelling over the range —10 to +60 mV, switch
from hyposmotic perfusion to hyperosmotic perfusion
decreased the current amplitude significantly over the
range 0 to +60 mV. Consistent with observations in the
endogenous Iy, ny in native cardiac myocytes (Fig.4),
no significant effects of osmotic stress on the voltage
dependence of steady-state inactivation of K,4.2 channels
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were observed (Fig. 8C). The V , values of K,4.2 channels hyperosmotic conditions, respectively (n=6, P > 0.05).
were —36.6 £ 0.6, —34.7£0.5 and —33.9+1.2mV and  As shown in Fig.8D, the recovery kinetics of K,4.2
k values of K\4.2 channels were —6.3£0.2, —7.7 0.6,  channels was not significantly altered by cell volume
and —7.7+0.3mV under isosmotic, hyposmotic and  changes. The time constants () were 303 =+ 43, 317 + 41
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Figure 7. Effects of serine/threonine protein phosphatase inhibitors, okadaic acid and calyculin A, on
It fast in mouse left ventricular myocytes

A, whole-cell currents were monitored continuously in the presence of 50 um 4-AP (voltage-clamp protocols shown
on the top, also see Fig. 3A for details). Top panel, /i fast Was recorded every 1 min then normalized to the initial
corresponding value at time 0O when cardiac myocytes were consecutively exposed to isosmotic, isosmotic + OA
(100 nm), hyposmotic + OA (100 nm), and hyposmaotic solutions. Changes in perfusion solutions were started when
the changes in current amplitude reached the steady-state level. a—d, the representative superimposed current
traces (upper) and the prepulse-sensitive difference current (/i fast) traces (lower) recorded from the same cell as
shown in the top panel at the time points indicated by the arrows. B, changes in mean peak /i, fast Current densities
(0, y-axis on the left) and cell volume (®, y-axis on the right) recorded when cells were consecutively exposed to
isosmotic (Iso), isosmotic +100 nm OA (Iso + OA), hyposmotic +100 nm OA (Hypo + OA), and hyposmotic (Hypo)
solutions (n = 6). Currents were obtained using the protocols described in panel A (*P < 0.05 when compared
with cell volume under control (Iso) conditions; #P < 0.05 when compared with peak current density under control
(Iso) conditions). C, changes in mean peak /i, fast CUrrent densities (0) and cell volume (®) recorded from cardiac
myocytes when they were consecutively exposed to isosmotic (Iso), isosmotic + 20 nm CA (Iso + CA), hyposmotic
+ 20 nm CA (Hypo + CA), and hyposmotic (Hypo) solutions (n =5, *P < 0.05 when compared with cell volume
under control (Iso) conditions; #P < 0.05, #P < 0.01 when compared with peak current density under control (Iso)
conditions).
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and 291+38ms under isosmotic, hyposmotic and
hyperosmotic conditions, respectively (n =7, NS).

Similarly, K 4.3 channels expressed in NIH/3T3 cells
were also regulated by changes in cell volume. When
measured at +40 mV, for example, exposure of the cells
to hyposmotic solutions increased K,4.3 current density
from 44.54+3.4t0 72.2 £ 9.1 pApF~! (n=10, P < 0.01),
and subsequent exposure to hyperosmotic solutions
decreased K,4.3 current density to 39.0 £ 3.2 pA pF~!
(P <0.01). Consistent with the observations in native
Iio st and expressed K,4.2 channels, neither the
voltage-dependent inactivation nor the recovery from
inactivation of the expressed K,4.3 channels were altered
by cell volume changes (data not shown).
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Role of PKC and phosphatases in cell volume
regulation of K,4.2 and K,4.3 channels

We further examined the effects of PKC activator (PDBu),
PKC inhibitor (BIM), and phosphatase inhibitors (OA
and CA) on volume regulation of K.4.2 and K,4.3
channels under the same conditions as described for endo-
genous Iy, g5 in Native mouse cardiac myocytes. As shown
in Fig.9A, PDBu (100nM) caused a time-dependent
inhibition of K,4.2 currents under isosmotic conditions
and prevented the activation of the current by hyposmotic
cell swelling (Fig.9Aa). Similar results were observed
in six different cells. The mean I-V curves under
isosmotic, isosmotic + PDBu, and hyposmotic + PDBu
are summarized in Fig. 9Ab. Similar results were also

I
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Figure 8. Effects of osmotic stress on K4.2 channels in NIH/3T3 cells

A, representative whole-cell currents recorded from NIH/3T3 cells expressing the rat K 4.2 gene under isosmotic
(@), hyposmotic (b) and hyperosmotic (c) conditions. K,4.2 currents were elicited by a series of 400-ms depolarizing
voltage steps (inset). B, mean /-V curves of K,4.2 channels (n = 12) recorded under isosmotic, hyposmotic and
hyperosmotic conditions. C, mean steady-state voltage-dependent inactivation curves of Ky4.2 (n = 6) obtained
from a double-pulse protocol (inset in A,) under isosmotic, hyposmotic and hyperosmotic conditions. D, recovery
from inactivation was examined using a double-pulse protocol with different recovery times (see Methods). Mean
normalized currents (n = 7) under isosmotic, hyposmotic and hyperosmotic conditions were plotted against
recovery time. The kinetics of recovery from inactivation was a single exponential process (continuous lines)
with a time constant (z) of 303 +43, 317 & 41 and 291 4 38 ms (P > 0.05) under isosmotic, hyposmotic and

hyperosmotic conditions, respectively.
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observed in the K 4.3 channels expressed in NIH/3T3
cells. Activation of PKC by PDBu reduced K,4.3 currents
from 47.4 + 2.5 t0 32.0 £ 3.3 pApF ' at +40 mV (n=7,
P < 0.05) under isosmotic conditions. No further increase
in K,4.3 currents was observed (34.54+ 3.7 pApF!,
P > 0.05) when cells were exposed to hyposmotic solution
in the presence of PDBu.

When the cells were exposed to BIM (100 nm), on
the other hand, a time-dependent increase in peak
K,4.2 current between +10 mV and 60 mV was observed
(Fig. 9B). The peak K,4.2 current densities at +40 mV
were increased from 103.9 +4.5 to 125.1 £ 4.6 pApF~!
(n=5, P<0.01). In the presence of BIM, no further
increase in K,4.2 currents was observed when the cells
were perfused with hyposmotic solutions for >10 min
(1223 +3.7pApF ! at +40mV, P > 0.05). The mean
I-V curves recorded from five different cells under
isosmotic, isosmotic + BIM, and hyposmotic +
BIM conditions are summarized in Fig. 9Bb. Similarly,
inhibition of PKC by BIM also increased K,4.3 currents
at +40 mV from 44.2 +£3.5t0 61.7 £ 3.3 pApF~! (n=6,
P < 0.01) under isosmotic conditions. Subsequent hypo-
smotic cell swelling in the presence of BIM failed to further
increase the current (63.5 + 4.2 pApF !, n=6, P> 0.05).

+40 mV
-80 mV

—_
o

Figure 9. Effects of PKC activator (PDBu)
and inhibitor (BIM) on K,4.2 currents in
NIH/3T3 cells

A, effect of PDBu (100 nm) on peak K,4.2
currents. a, time course of changes in
normalized peak K4.2 currents (n = 6)

o
o

o
)

Normalized Current
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As shown in Fig. 10, both OA (Fig.10A) and CA
(Fig. 10B) caused a time-dependent inhibition of K,4.2
currents under isosmotic conditions and prevented
further activation of the currents by hyposmotic cell
swelling. Similar effects of OA and CA on the K,4.3
channels expressed in NIH/3T3 cells were also observed.
For example, under isosmotic conditions, OA (100 nm)
reduced the current amplitude of K,4.3 at +40 mV
from 45.2+3.1 to 33.1 £2.9pApF ! (n=4, P <0.05)
and no further increase in K,4.3 currents was observed
when cells were exposed to hyposmotic solutions in the
presence of OA (35.7 2.9 pA pF~!, n =4, NS). Similarly,
CA (20nm) reduced K,4.3 current amplitude from
47.3 +2.8t036.1 £2.7pApF ! (n=4, P <0.05) and no
further increase in K, 4.3 currents was observed when cells
were exposed to hyposmotic solutions in the presence of
CA (36.3 £ 2.8 pApF !, n=4, P> 0.05).

Discussion

Our results provide the following evidence for a novel
regulation mechanism for K,4.2/4.3 K* channels in
the heart: (1) Iy in native mouse left ventricular
apex myocytes, and its key molecular counterparts
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K\4.2/4.3 channels expressed in NIH/3T3 cells, are
strongly regulated by cell volume changes which may
be responsible for hyposmotic cell swelling-induced
shortening in early repolarization of APD in cardiac
myocytes; (2) changes in cell volume alter the
amplitude of these currents with no effect on their
voltage-dependent gating properties including activation,
inactivation and recovery from inactivation; (3) cell
volume regulation of these channels is closely coupled to a
phosphorylation/dephosphorylation process mediated by
PKC and serine/thronine phosphatases. These findings are
potentially very important because the K,4.2/4.3-encoded
Io fast Plays a crucial role in APD repolarization and ECC
in the heart, and changes in expression and function of
K,4.2/4.3 are regarded as hallmark features of diseased
myocardium in human and numerous other animal
models (Barry et al. 1998; Kaab et al. 1998; Wang et al.
1999; Yue et al. 1999; Huang et al. 2000).

Volume regulation of ion channels and adaptive
remodelling of cardiac myocytes

Perturbations in cell volume and ion channel function are
closely associated during adaptive structural and electrical
remodelling of the cardiac myocytes such as hypertrophic

G.-L. Wang and others
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cell volume increase caused by pressure overload or
changes in extracellular osmolarity caused by myocardial
hypoxia, ischaemia and reperfusion (Steenbergen et al.
1985; Wright & Rees, 1998; Befroy et al. 1999; Baumgarten
& Clemo, 2003; Frey et al. 2004; Duan et al. 2005). It has
been demonstrated that cardiac myocytes are able to avoid
excessive cell volume changes through the regulation of
loss or gain of intracellular ions or other osmolytes (Duan
etal. 1999a; Hume et al. 2000; Lang et al. 2000; Baumgarten
& Clemo, 2003). Several ionic mechanisms such as I¢j swel
(Duan etal. 1995, 1997a,b, 1999a; Vandenberg et al. 1997;
Hiraoka et al. 1998), Ik ; (Rees et al. 1995), Ik arp (Priebe &
Beuckelmann, 1998) and I ;; (Duan et al. 2000), have been
previously reported to be responsible for the
hyposmotic cell swelling-induced changes in membrane
ion permeability and various cellular functions,
including cardiac electrical activity and contractility
(Vandenberg et al. 1996; Wright & Rees, 1998; Befroy
et al. 1999; Kocic et al. 2001; Baumgarten & Clemo,
2003; Frey et al. 2004). It has been recently reported
that volume-regulated K transport or flux across the
plasma membrane plays a crucial role in the regulation
of the apoptotic volume decrease and programmed
cell death (apoptosis) (Remillard & Yuan, 2004).
Increasing evidence suggests that apoptosis may be
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phosphatase inhibitors on volume

regulation of Ky4.2 currents in NIH/3T3
v cells
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a driving force in the transition from compensated
hypertrophy to failure in the work-overloaded
myocardium. In this study we found that I pg is
regulated by cell volume changes and cell swelling-induced
up-regulation of I,y may be responsible for the
shortening in early (phase 1) repolarization of cardiac
APD of mouse ventricular myocytes. These findings
strongly suggest a novel role of K,4.2/4.3 channels in cell
volume regulation and may also provide an alternative
mechanism for the link between electrical remodelling
and structural remodelling of the heart under pathological
conditions such as myocardial hypertrophy, heart failure,
hypoxia, ischaemia and reperfusion.

Molecular mechanisms responsible for volume
regulation of /i f55: in mouse heart

The molecular basis of voltage-dependent outward
K* currents in native cardiac myocytes is very complicated
and may vary in different species and in different regions
and cell types of the same heart (Wang et al. 1999;
Nerbonne & Guo, 2002; Zicha et al. 2003; Decher et al.
2004). At least five outward Kt currents (I fast> Tto.slows
Ix siow1> Ik slow2 and I ) concomitantly exist in native adult
mouse heart, and it is difficult to efficiently separate and
accurately assess each component (Xu et al. 1999b; Guo
et al. 2000; London et al. 2001; Zhou et al. 2003). Iy, fast
is present in all left ventricular apex cells and in most left
ventricular septum cells, whereas I, 0w is identified only
in left ventricular septum cells (Xu et al. 1999b; Guo et al.
2000). Ik gow> and Iy exhibit their molecular properties
different from either Iy, st OF Lo gow- It is believed that
Lo slow may be encoded by K,1.4 a-subunit (Guo et al.
2000), while I 40w may be encoded by K, 1.5 (Ix gow1) and
K2.1 (Ix sow2) (Xu et al. 1999b; Zhou et al. 2003). In the
present study we used a combination of voltage protocol
and pharmacological tools as previously described to
selectively separate I, g, from other K* currents in mouse
cardiac myocytes (Brouillette ef al. 2004). We found that
o fast> but not I was regulated by changes in cell volume.

Both K,4.2 and K,4.3 have been suggested to be major
molecular subunits in the formation of I, g in cardiac
myocytes of many species (Kaab et al. 1998; Wang et al.
1999; Nerbonne & Guo, 2002). Functional channels
underlying mouse ventricular I,y may be a
heteromultimer of K,4.2/4.3 «-subunits assembling
with auxiliary subunits (e.g. K, channel-interacting
protein 2 (KChIP2)) (Guo et al. 2002), it is still, however,
difficult to reproduce the exact functional channel for
endogenous Iy, fs in the heterologous expression system
by simply expressing these genes together since no
information is currently available regarding the exact
composition of these subunits for the functional channels
in terms of the numbers for each subunits and the isoforms
of KChIP2. On the other hand, in most species studied to
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date, I, is encoded by either K,4.2 or K,4.3, not always
by a combination of the two. The recent identification by
Sanguinetti’s laboratory of new isoforms of KChIP2 in the
heart clearly showed that the functional diversity of the I,
is far more complicated than people have thought (Decher
et al. 2004). Obviously, it would be extremely difficult to
study a particular KChIP2 isoform and its combination
with K,4.2 or K,4.3 or both. Nevertheless, our results on
both K,4.2 and K,4.3 channels suggest that the regulation
of the channels by cell volume may be essentially through
modulation of the «-subunits because the properties of
the regulation of these expressed K,4.2/4.3 channels in
NIH/3T3 cells are almost identical to those of their native
functional correlate Iy, ., in terms of voltage-dependent
activation and inactivation, recovery from inactivation,
and sensitivity to osmotic stress, PKC and phosphatase.
Our results also further support the notion that K,4.2
and K,4.3 are major components responsible for I, i in
native mouse ventricular myocytes.

Numerous previous studies have clearly demonstrated
that cell swelling induces protein dephosphorylation
whereas cell shrinkage causes protein phosphorylation in
a variety of cell systems, including epithelial (Haas et al.
1995) and endothelial (Klein et al. 1993) cells, erythrocytes
(Lytle, 1998), Ehrlich mouse ascites tumour cells (Larsen
etal. 1994), cardiac myocytes (Duan et al. 1995, 19994; Hall
et al. 1995) and vascular smooth muscle cells (Zhong et al.
2002). For example, phosphorylation/dephosphorylation
processes mediated by PKC and phosphatases may
be critically involved in the osmotic regulation of
volume-regulated Cl™ currents encoded by genes of the
CIC chloride channel family (CIC-3) (I¢j.vo1) (Duan et al.
1995, 1999a; Zhong et al. 2002; Baumgarten & Clemo,
2003) or CIC-2 (I¢yi;) (Rutledge et al. 2001). In this
study we found that the osmotic regulation of end-
ogenous Iy, sy and its molecular correlates K,4.2 and
K,4.3 channels is also coupled to activities of PKC and
phosphatases. To date, at least seven isoforms have been
identified in mammalian cardiac myocytes, including «,
B, 8, & n, ¢ and ¢. Among Ca®*-independent, novel
PKCs, §, €, and n are expressed in the heart (Schreiber
et al. 2001). Both Ca?*-sensitive (PKC«) and -insensitive
(PKC$ and PKCe) PKCisozymes are abundantly expressed
in NIH/3T3 cells (Szallasi et al. 1994). Similar to our
previous observations, the effect of cell swelling on
Lo fase Was also studied under experimental conditions
where [Ca’"]; is strongly buffered by EGTA (10 mm)
to separate the Ca’"-independent I,y from other
Ca?*-dependent currents such as I¢c,. Therefore, our
results indicate a prominent role for Ca*"-independent
signalling pathways, such as Ca’"-independent PKC
isoforms, in the mechanism of cell volume regulation
of Iy st In the mouse heart. It has been found that
in both fetal and adult mouse ventricles the majority
of PKC activity was Ca’* independent (Schreiber ef al.
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2001). Immunoprecipitation assays indicated that PKC$
and PKCe were responsible for the majority of the
Ca**-independent activity in mouse ventricles (Schreiber
et al. 2001). Therefore, both isoforms may be involved in
the regulation of I, f,x in mouse heart. Previous studies
by Zhong et al. clearly demonstrated that hypotonic
cell swelling is accompanied by translocation of PKCe
from the vicinity of the membrane to cytoplasmic and
perinuclear locations, which may be responsible for the cell
volume regulation of the volume-regulated Cl~ channels
in the vascular smooth muscle cells (Zhong et al. 2002).
PKCe has been found to directly modulate I,. The
transmural differences in the subcellular expression
of PKCe also parallel the transmural gradient of I,
(Thorneloe et al. 2001b). The basal level of ion channel
activity under isosmotic conditions may be determined
by the balance between basal activities of protein
kinases (e.g. PKC) and phosphatases (e.g. PP1/2A),
as is the case in Iy, or CIC-3 channels (Duan
et al. 1995, 1999a; Zhong et al. 2002; Baumgarten &
Clemo, 2003). These results provide further evidence
that protein kinase(s)/phosphatase(s)-mediated protein
phosphorylation and dephosphorylation may be a
common signal transduction pathway for the cellular
response to cell volume changes that directly control the
function of proteins such as ion channels.

It is very important to know how changes in cell volume
regulate channel activity in terms of voltage-dependent
gating properties and/or conformational changes
of the channel proteins after phosphorylation or
dephosphorylation. Po et al. (2001) reported that
PKC phosphorylation shifts steady-state inactivation
of human K,4.3L while others have reported that
PKC inhibits rat K,4.2 and K,4.3 and native I, in rat
cardiac myocytes without change in their steady-state
inactivation properties (Nakamura et al. 1997; Shimoni
& Liu, 2003). We hypothesized that hyposmotic
challenge may activate Iy, g (or K,4.2/4.3 channels)
by affecting its voltage-dependent gating properties
through dephosphorylation of the channel protein due
to: inactivation of one or more PKC isoforms or other
protein kinases; or activation of phosphotases. In this
study therefore we carefully studied the effects of osmotic
shock on the voltage-dependent gating properties of both
endogenous Iy, f,e in native ventricular myocytes and
K,4.2 and K,4.3 channels expressed in NIH/3T3 cells.
The results indicate that the activation of the K,4.2/4.3
channels and endogenous I,y by hyposmotic cell
swelling was voltage independent and no changes in the
activation, inactivation and recovery from inactivation
were observed. Our results are consistent with those of
Nakamura et al. (1997) and Shimoni and Liu (2003) but
different from those of Po et al. (2001). The possible
explanations for the discrepancy between these studies
may be due to different variants of Kv4.3 (e.g. K,4.3L
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versus K,4.3S) between human and rat and/or different
expression systems. At this point, it is still not known
how osmotic challenge-induced phosphorylation or
dephosphorylation of the K,4.2/4.3 channels causes
closing or opening of the channels, respectively. Direct
measurement of changes in the activity of kinases
and/or phosphatases and biochemical evidence for
phosphorylation of K,4.2 or K 4.3 channels during
alterations of cell volume are needed to further validate
whether hyposmotic challenge and PDBu treatment
act on the same site. In the case of CIC-3 channels, it
seems that phosphorylation/dephosphorylation of the
N-terminus is the key link between cell swelling and
channel opening (Duan et al. 1999a). It is therefore
reasonable to propose mutation experiments on the
consensus PKC phosphorylation sites to test directly
whether phosphorylation and dephosphorylation are
linked to cell volume regulation, as in the case of CIC-3
channels (Duan et al 1999a). There are, however,
numerous consent PKC phosphorylation sites in rat long
form K,4.3 (Kv4.3L) and K,4.2, respectively. It would
be an extremely difficult task to identify which amino
acid would need to be mutated to yield meaningful
phenotypes. It should also be pointed out that it is
possible that phosphorylation and dephosphorylation of
the channel protein may cause conformational changes
to prevent further regulation by changes in cell volume,
which may not necessarily be linked to the signal
transduction pathways of osmotic stress. Therefore,
the mutation experiments were not performed in this
study.

In the intact heart the mechanism of channel activation
by cell swelling may be more complicated than in the
isolated individual cells described here. For instance,
there are many aspects of heterogeneity across the left
ventricular wall. In addition to the regional differences
in the expression of K, currents or the K, subunits
(K,4.2, K,4.3, KChIP2, K,1.5, K,2.1) encoding these
currents in adult male and female mouse ventricles (Brunet
et al. 2004), the transmural gradient in PKC isozymes
(e.g. PKCe) across the ventricular wall has been described
in rat heart (Thorneloe et al. 2001g; Shimoni &
Liu, 2003).The electrophysiological heterogeneity in the
transmural myocardium of the murine left ventricle may
become even more complex due to significant remodelling
under pathological conditions (Thorneloe et al. 2001a;
Shimoni & Liu, 2003; Zicha et al. 2003). It is thus
very possible that under some pathological conditions
like hypertrophy and ischaemia, the regulation of I,
may be significantly remodelled along with differential
subcellular expression and activation of PKC isozymes
in the heart. In fact, the transmural heterogeneity in I,
has been suggested to contribute to arrhythmogenesis
and change in contractile states during the pathological
progression of hypertrophy and heart failure (Oudit et al.
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2001; Li et al. 2002), myocardial ischaemia and infarction
(Kaprielian ef al. 2002) and Brugada syndrome (Di Diego
et al. 2002). Therefore, whether the mechanisms for the
regulation of K,4.2/4.3 channels described in this study are
applicable in the intact heart and what the consequences
of the volume regulation of these channels are under
physiological or pathological situations need to be further
investigated at an integrated level.

Significance

Although changes in K,4.2/4.3 channels have been
correlated to electrical remodelling in many heart diseases
including myocardial ischaemia and infarction (Huang
et al. 2000) and cardiac hypertrophy and failure (Sah ez al.
2003), possible involvement of K,4.2/4.3 channels in the
initiation and development of heart disease remains to
be elucidated. Our results provide the first evidence that
cardiac K,4.2/4.3 channels can be regulated by cell volume
and strongly suggest that I, s may be an important
pathological substrate associated with osmotic challenges
and cell volume changes. These findings are important
because the osmotic-stress regulation of Iy, gy may
represent a novel mechanism for many important cellular
functions, including cell proliferation and apoptosis
(Wright & Rees, 1998; Lang et al. 2000; Kocic et al.
2001; Baumgarten & Clemo, 2003; Remillard & Yuan,
2004) which are involved not only in cardiac cells but
also in many other cell types in the context of health
and disease. Therefore, these data may provide new
insight into our understanding of the role of K,4.2/4.3
in adaptive remodelling in response to physiological
and pathophysiological stresses associated with osmotic
challenges and cell volume perturbations.
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