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Blocking action of chromanol 293B on the slow component of
delayed rectifier K™ current in guinea-pig sino-atrial node cells
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1 In guinea-pig sino-atrial (SA) node cells the delayed rectifier K* current (Ix) is composed of
rapidly and slowly activating components of Ix (Ix, and Ik, respectively). The present study was
undertaken to characterize the blocking action of the chromanol derivative 293B on Ik, in guinea-
pig SA node cells using whole-cell patch-clamp technique.

2 Bath application of 293B blocked I, elicited by 4-s depolarizing voltage pulses from a holding
potential of —50 mV, under conditions in which the L-type Ca** current (Ic,y) and I, were
inhibited; the effect was concentration-dependent with an ICsy of 5.3 uM, when evaluated by the
decrease in the amplitude of [ tail current following 4-s depolarizing voltage steps to + 50 mV.
3 The 293B block of Ik, progressed with time during depolarizing voltage steps with a more rapid
block at higher concentrations.

4 The block of Ik by 293B was fully reversed within a few minutes after washing off the drug,
even when a maximal effect (a nearly full block) was achieved at high drug concentration (50 um).
5 Bath application of 293B at 50 uM greatly and reversibly reduced the amplitude of Iy which is
maximally stimulated by f-adrenergic agonist isoprenaline (1 uM), while the degree of 293B block of
the isoprenaline-stimulated I was slightly but significantly smaller than that of non-stimulated Iy
(94.0+0.98% block, n=6 vs 99.4+0.45% block, n=6; P<0.01).

6 We conclude that, in guinea-pig SA node cells (i) 293B is a potent and fully reversible blocker of
Ixs in control and during f-adrenergic stimulation and (ii) block with 293B occurs in a time-
dependent manner during depolarizing voltage steps.
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Abbreviations: 293B, trans-6-cyano-4-(N-ethylsulphonyl-N-methylamino)-3-hydroxy-2,2-dimethyl-chromane; cAMP, adenosine
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methanesulphonamide; EGTA, ethylene glycol-bis(f-aminoethyl ether)-N,N,N',N'-tetraacetic acid; HEPES, N-
(2-hydroxyethyl)piperazine- N'-(2-ethanesulphonic acid); HERG, human ether-a-go-go related gene; ICs, half-
maximally inhibitory concentration; Ic, 1, L-type Ca?* current; Iy, hyperpolarization-activated cation current;
Ik, delayed rectifier K* current; I, rapidly activating component of delayed rectifier K* current; I, slowly
activating component of delayed rectifier K* current; I, inwardly rectifying K™ current; Iy, , Na™ current;
KB solution, Kraft-Brithe solution; PKA, adenosine 3’5’ cyclic monophos-phate-dependent protein kinase; SA
node, sino-atrial node

Introduction

The delayed rectifier K* current (Ix) is gradually activated
during the plateau phase of action potentials and provides an
outward current which facilitates phase 3 repolarization in
various cardiac cell types, including sino-atrial (SA) node,
atrial and ventricular cells. In addition, a deactivation of Ik
during membrane repolarization in pacemaker SA node cells
is considered to be involved in the onset of a net inward
current at the maximum diastolic potential (MDP) that
precedes the slow diastolic depolarization (for a review see
Irisawa et al., 1993). It has been demonstrated in many
cardiac cells that Ix can be separated into two distinct
components on the basis of the differential sensitivity to
block by methanesulphonanilide class III antiarrhythmic
drugs such as E-4031, d-sotalol and dofetilide (Sanguinetti
& Jurkiewicz, 1990; 1991; Carmeliet, 1992; Jurkiewicz &
Sanguinetti, 1993; Wang et al., 1994; Liu & Antzelevitch,
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1995; Li et al., 1996; Gintant, 1996); the drug-sensitive
current activates rapidly and exhibits a marked inward
rectification (designated as Ix,) whereas the drug-resistant
current displays slower activation kinetics and a minimal
rectification (designated as [Ixs). Subsequent molecular
biological studies have identified the distinct proteins under-
lying Ix, and Ixs channels: the potassium channel protein
KvLQTT1 associates with minK (I;x) protein to produce I
channels (Barhanin etz al., 1996; Sanguinetti et al., 1996),
while human ether-a-go-go related gene (HERG) protein
forms the pore-forming subunit of Ik, channels (Curran et
al., 1995; Sanguinetti et al., 1995; Trudeau et al., 1995).
The chromanol derivative 293B was found to be a potent
blocker not only for Ik, in guinea-pig ventricular cells but also
for the membrane current through the Isx proteins hetero-
logously expressed in Xenopus oocytes (Busch et al., 1996;
Suessbrich et al., 1996). Subsequent studies have confirmed the
highly selective blocking action of 293B on Ik in many types
of isolated cardiac cells (Bosch et al., 1998; Fujisawa et al.,
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2000; Ono et al., 2000; Lei et al., 2002). As for molecular basis
for 293B action on [ channels, it has been suggested that
KvLQT1 protein represents a relevant target for the actions of
293B (Loussouarn et al., 1997) while minK protein also acts
allosterically to facilitate 293B binding to KvLQT1 protein
(Busch et al., 1997; Lerche et al., 2000).

In the present study we characterized the blocking action
of 293B on Ik, under control conditions and during exposure
to f-adrenergic agonist isoprenaline in isolated guinea-pig SA
node cells using the whole-cell patch-clamp technique. The
results demonstrate that 293B is a potent and fully reversible
blocker of Ixs in the absence and presence of isoprenaline
and that 293B preferentially affects Ik channels in an open
state.

Methods
Isolation of SA node cells

Single SA node cells were obtained from guinea-pig hearts
using an enzymatic dissociation procedure similar to that
previously described by Guo et al. (1997). In brief, guinea-
pigs (250—400 g body weight) were deeply anaesthetized by
an intraperitoneal injection of sodium pentobarbitone
(80 mg kg~"), and then were ventilated through a tracheot-
omy. The chest cavity was opened and the ascending aorta
was exposed and cannulated in situ to start coronary
perfusion of the heart. The heart was then excised and
retrogradely perfused through the aortic cannula on a
Langendorff perfusion apparatus at 37°C, initially for 4 min
with normal Tyrode solution, and then for 4 min with
nominally Ca?"-free Tyrode solution, and finally for 6—
10 min with nominally Ca®*-free Tyrode solution containing
0.4 mg ml~! collagenase (Wako Pure Chemical Industries,
Osaka, Japan). All the above solutions were oxygenated with
100% O,. The digested heart was then removed from the
Langendorff perfusion apparatus and the SA node region was
dissected out and was cut perpendicular to the crista
terminalis into small strips measuring about 0.5 mm in
width. These SA node tissue strips were further incubated
for 16—20 min at 37°C in nominally Ca?*-free Tyrode
solution containing 1.0 mg ml~! collagenase and 0.1 mg ml~!
elastase (Roche, Mannheim, Germany) while being agitated
in a shaking water bath. Finally, the enzyme-digested SA
node strips were mechanically dissociated in a high-K*, low-
Cl~ Kraftbrithe (KB) solution (Isenberg & Klockner, 1982).
Isolated cells thus obtained were then stored at 4°C in KB
solution until required for experimental use.

All these experimental procedures were reviewed and
approved by the Shiga University of Medical Science Animal
Care Committee, Japan.

Voltage-clamp technique

Isolated SA node cells, which were typically spindle-shaped
and were spontaneously beating when superfused with
normal Tyrode solution, were voltage-clamped using the
whole-cell configuration of the patch-clamp technique (Ha-
mill et al., 1981) with a patch-clamp amplifier (CEZ-2400,
Nihon Kohden, Tokyo, Japan). Patch pipettes were made
from glass capillaries (o.d., 1.5 mm; i.d., 0.9 mm; Narishige

Scientific Instrument Laboratory, Tokyo, Japan) using a
horizontal microelectrode puller (P-97; Sutter Instrument
Co., Novato, CA, U.S.A.), and the tips were then fire-
polished using a microforge. Patch pipettes had a resistance
of 2.0—-3.0 MQ when filled with the control pipette solution.
An aliquot of the KB solution containing dissociated cells
was transferred to a recording chamber (0.5 ml in volume)
mounted on the stage of an inverted Nikon Diaphot
microscope (Tokyo, Japan). The chamber was maintained
at 34-36°C and continuously perfused at a rate of about
2 ml min~' with normal Tyrode solution. A tight seal
(resistance, 5 to 50 GQ) was formed between the electrode
tip and the cell membrane by gentle suction (—20 to
—40 cm H,O). The patch membrane was then ruptured by
a brief period of more vigorous suction, controlled manually
with a 2.5-ml syringe.

Ixs was activated by depolarizing voltage steps to various
test potentials, under conditions where the Na™ current (In,)
was inactivated by setting the holding potential to —50 mV
and the L-type Ca®" current (Ic, 1) and I, were blocked by
adding 0.4 uM nisoldipine and 5 uMm E-4031 to normal
Tyrode solution, respectively. Nisoldipine was shown to have
no effect on cardiac /x at this concentration (Sanguinetti &
Jurkiewicz, 1991). Under these experimental conditions /Iy
was monitored by measuring the amplitudes of outward tail
currents elicited on repolarization to a holding potential of
—50 mV following a 4 s depolarizing step to +30 mV every
15 or 30 s and was found to reach a steady level (about 60—
80% of the initial value) within 5—7 min of patch rupture.
Accordingly, Ixs was measured after this stable baseline
current level had been established.

The current and voltage signals as well as trigger pulses
were stored on digital audiotape (DM120, Hitachi Maxell,
Tokyo, Japan) using a PCM data recorder (RD-120TE,
TEAC, Tokyo, Japan). The current and voltage records were
fed to a computer (PCO9SRL, NEC, Tokyo, Japan) every 0.2—
1 ms through a low-pass 3 kHz filter (48 dB per octave, E-
3201A, NF, Tokyo, Japan) and then were analysed using in-
house programmes.

In all current traces demonstrated in Figures 1, 2, 5 and 6
the zero-current level is indicated to the left of the traces by a
horizontal line.

Solutions and drugs

Normal Tyrode solution contained (in mM): NaCl 140, KCl
5.4, CaCl, 1.8, MgCl, 0.5, NaH,PO4 0.33, glucose 5.5, and
N-(2-hydroxyethyl)piperazine - N - (2-ethanesulphonic  acid)
(HEPES) 5.0 (pH adjusted to 7.4 with NaOH). The
nominally Ca®*-free Tyrode solution used for the cell
isolation procedure was prepared by simply omitting CaCl,
from the normal Tyrode solution. Normal Tyrode solution
supplemented with 0.4 uM nisoldipine (a generous gift from
Bayer, Germany) and 5 uM E-4031 (N-(4-((1-(2-(6-methyl-2-
pyridinyl)ethyl)-4-piperidinyl)carbonyl)phenyl)methanesulphon-
amide dihydrochloride dihydrate; Wako Pure Chemical
Industries, Osaka, Japan) was used as the standard external
solution for measuring whole-cell Ix,. Nisoldipine was
prepared as a 1-mM stock solution in ethanol and then was
added to normal Tyrode solution to achieve a final
concentration of 0.4 uM. E-4031 was dissolved in distilled
water to make a 1-mM stock solution and then was diluted in
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normal Tyrode solution to give a concentration of 5 uM.
Isoprenaline ((—)-isoproterenol, Sigma Chemical Co., MO,
U.S.A) was dissolved in distilled water to make a 1-mM stock
solution together with the same concentration of ascorbic
acid and then was diluted in the external solution to achieve a
concentration of 1 uM. The chromanol derivative 293B
(trans-6-cyano-4-(N-ethylsulphonyl- N-methylamino)-3-hydro-
xy-2,2-dimethyl-chromane; a generous gift from Aventis
Pharma Deutschland GmbH, Frankfurt, Germany) was
dissolved in dimethyl sulphoxide (DMSO, Sigma) to make
a 100 mM stock solution and was diluted at a final
concentration of 0.1—-100 uM in the external solution (DMSO
concentrations <0.1%). In preliminary experiments, we
confirmed that DMSO alone did not have any appreciable
effect on Iy, at concentrations of up to 0.5%. The control
pipette solution consisted of (in mM): potassium aspartate 70,
KCl 50, KH,PO, 10, MgSoy 1, Na,-ATP 3, Li,-GTP 0.1,
ethylene glycol-bis(f-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA) 5, CaCl, 2, HEPES 5 (pH adjusted to 7.2 with
KOH). The concentration of free Ca®>* in the pipette solution
was calculated to be approximately 10~7 M (Fabiato &
Fabiato, 1979; Tsien & Rink, 1980). The Ca**-free pipette
solution, which was made by omitting CaCl, from the control
pipette solution, was used in some experiments. The free
Ca?* in this Ca®"-free pipette solution was estimated to be
approximately 107 M (Fabiato & Fabiato, 1979; Tsien &
Rink, 1980). The KB solution for cell preservation contained
(in mM): potassium glutamate 70, KCl 30, KH,PO, 10,
MgCl, 1, taurine 20, EGTA 0.3, glucose 10, and HEPES 10
(pH adjusted to 7.2 with KOH).

Data analysis and statistics

Group data are presented as the mean+s.e.mean, and n
indicates the number of cells studied. A statistical comparison
was made using Student’s t-test for paired or unpaired data
where appropriate, and differences were considered to be
statistically significant for P<0.05.

Results
Blocking action of 293B on Ik,

Spontaneously and regularly contracting cells when super-
fused with normal Tyrode solution were regarded as
representing SA node cells and were used for all the
electrophysiological experiments. These SA node cells were
typically spindle-shaped with faint striations and were small
in size (diameter, 5 to 8 um; length, 60 to 80 um) and only
comprised less than 5% of the cells isolated from SA node
region of guinea-pig heart (Guo et al., 1997; Matsuura et
al., 2002). After establishing a whole-cell voltage-clamp
mode, an isolated SA node cell was held at —50 mV to
allow a complete deactivation of [xs and initially
hyperpolarized to test potentials of —60 to —130 mV for
500 ms in 10 mV steps to confirm the presence of the
hyperpolarization-activated cation current (/;). As demon-
strated in Figure la, a time-dependent inward current was
activated during the hyperpolarizing voltage steps to
potentials < —70 mV and its amplitude, measured as the
difference between the initial and late current levels during

hyperpolarizing steps, was increased with increasing the
magnitude of hyperpolarization. Based on these character-
istic voltage-and time-dependent activation properties, this
inward current can be identified as I. It should also be
noted that an instantaneous current jump in the inward
direction upon hyperpolarization was small in amplitude
(Figure 1a), indicating that the inwardly rectifying K™
current (Ix;) was either absent or, if present at all, very
small in guinea-pig SA node cells, as has been described
previously (Guo et al., 1997). These spontaneously active
SA node cells showing an obvious I; were then exposed to
normal Tyrode solution supplemented with 0.4 uM nisoldi-
pine and 5 uMm E-4031 to isolate Iy, from [Ic,p and Ik,
during depolarizing voltage steps.

Figure 1b shows superimposed current traces in response
to 4-s depolarizing pulses to test potentials of —40 to
+70 mV in 10 mV steps applied from a holding potential
of —50 mV under control conditions (left-hand panel) and
3 min after exposure to 50 uM 293B (right-hand panel).
Under control conditions, the depolarizing pulses to
potentials > —20 mV elicited a slowly activating outward
current which was followed by an outward tail current
upon repolarization to the —50 mV holding potential
(Figure 1b, left-hand panel). We have previously shown,
using an envelope of tails test (Noble & Tsien, 1969), that
the time-dependent increase in outward current during
depolarizations primarily represents an activation of Iy
while a decaying outward tail current elicited upon return
to the holding potential arises from deactivation of Ik,
when an isolated guinea-pig SA node cell was superfused
with normal Tyrode solution supplemented with 0.4 um
nisoldipine and 5 uM E-4031 (Matsuura et al., 2002). The
blocking action of 293B on Ix, was therefore characterized
in guinea-pig SA node cells using this external solution.
Bath application of 50 uMm 293B almost completely
suppressed [l tail current elicited upon return to the
—50 mV holding potential following depolarizations to all
test potentials, although a transient increase in the outward
current was detected during an initial part of the
depolarizing voltage steps to potentials>approximately +
10 mV (Figure 1b, right-hand panel).

The inhibitory effect of 293B on Ik, was evaluated by
measuring the amplitude of the tail current elicited upon
return to a holding potential of —50 mV (Figure 1c), which
reflects the degree of Ik activation at the preceding
depolarizing test potential. Under control conditions, the
relationship between the amplitude of Ik tail current and the
test potential was reasonably well described by a Boltzmann
equation:

IK,tail = IK,lai],lnaX/(l + CXP((VI/Z - Vm)/k)) (l)

where Ik aiimax 15 the fitted maximal tail current amplitude,
Vi is the voltage at which the activation is half-maximal,
Vi is the test potential and k is the slope factor. In a total of
six cells, values for V,, and k averaged 12.3+2.4 mV and
13.24+0.4 mV, respectively. The amplitude of I tail current
in the presence of 50 uM 293B was mostly too small
(< ~20 pA) to accurately measure these parameters by
fitting to a Boltzmann equation (equation 1). Figure 1d
represents the percentage block of I by 50 umM 293B at each
test potential, obtained by normalizing the amplitude of Iy
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Figure 1 Block of Ik by 293B in an isolated guinea-pig SA node cell. (a) An SA node cell was hyperpolarized every 8 s from a
holding potential of —50 mV to test potentials of —60 to —130 mV for 500 ms in 10 mV steps during superfusion with normal
Tyrode solution. (b) A 4-s depolarizing test pulse was applied every 15s from a holding potential of —50 mV to membrane
potentials of —40 to +70 mV in 10 mV steps before (left-hand panel) and 3 min after exposure to 50 um 293B (right-hand panel).
These records were obtained from the cell shown in (a) but in the presence of 0.4 uM nisoldipine and 5 um E-4031 to block /¢, 1 and
Iy, respectively. A schematic diagram of the voltage-clamp protocol is given above the control traces. (c) I-V relationships for the
tail currents measured upon return to a holding potential of —50 mV following 4-s depolarizing clamp pulses to various test
potentials under control conditions and during exposure to 50 um 293B, from the data shown in (b). A continuous curve through
the control data represents the least-squares fit of a Boltzmann equation, yielding V;, of 11.4 mV and k of +12.6 mV. (d)
Percentage block of Ixs by 50 uMm 293B measured in the tail currents elicited upon return to a holding potential of —50 mV
following a 4 s depolarizing voltage step to various test potentials between —20 and +70 mV (n=6). Ik, tail current at a test

potential of —30 and —40 mV were too small (<10 pA) to accurately measure the reduction by 50 um 293B.

tail current blocked by 293B with reference to the control
amplitude of Iy tail current (n=6). There was no statistically
significant difference between any two of the data points, thus
suggesting that the 293B block of Ik was largely independent
of the membrane potential.

We then evaluated the blocking effect of 293B at various
concentrations between 0.1 and 100 uM on Ik, in an isolated
SA node cell. Ixs was evoked every 15 s by 4-s depolarizing
voltage steps to +50 mV before and during exposure to
increasing concentrations of 293B in a cumulative manner
after the inhibition due to the previous concentration reached
a steady state (Figure 2a). Extracellular 293B reduced a time-
dependent outward current during a depolarizing voltage step
as well as decaying outward tail current upon repolarization
in a concentration-dependent manner. An almost full
inhibition of the tail current was obtained by 293B at
concentrations >50 uM (inset in Figure 2a). Interestingly, the
initial time course of [k activation elicited by a depolarizing
voltage step was little affected by 293B applied at a
concentration of 1 uM, which suggests that 293B scarcely
affected Iy channels at a holding potential of —50 mV.
Figure 2b demonstrates the concentration-response relation-
ship for the block of Ik tail current by 293B, obtained from
six different cells. The amplitude of Iy tail current was
measured upon return to a holding potential of —50 mV
following depolarization to +50 mV in the absence and the
presence of each concentration of 293B and percentage block

by each concentration of 293B was determined as the
fractional reduction in the amplitude of Iy, tail current
evoked by 293B. The mean data (obtained from six cells)
were reasonably well fitted with a Hill equation:

I = Inay /(1 + (ICso/[agonist])™™) 2)

where I« is the maximum degree of block expressed as a
percentage, ICs is the concentration of 293B causing a half-
maximal block, and nyy is the Hill coefficient. The values for
1Cs9 and ny are 5.3 uM and 0.94, respectively. These values
were comparable to those for the 293B block of Ik, in native
cardiac cells (guinea-pig ventricular cells, ICso=2.1 uM,
Busch et al, 1996; ICs,=1.02 uM, Bosch et al., 1998;
IC59=2.11-3.54 uM, niy=0.91-1.27, Fujisawa et al., 2000;
porcine SA node cells, IC5y=28.79 uM, ny=1.22, Ono et al.,
2000; rabbit SA node cells, ICso=1.35 uM, Lei et al., 2002) or
KvLQT1/minK current heterologously expressed in Xenopus
oocytes (IC5o=2.6 uM, Lerche er al., 2000) or mammalian
cells (IC50=9.8 uM, ny=0.9, Loussouarn et al., 1997).

Time course of Ixs block by 293B

As is evident in Figure 2a, the initial rate of developing
outward current which primarily represents the activation of
Ixs (Matsuura et al., 2002) was little affected by lower
concentrations (1 uM) of 293B, while a substantial decrease in
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Figure 2 Concentration-dependent block of Iis by 293B. (a) Superimposed current traces in response to a 4-s depolarizing voltage
step to a test potential of +50 mV before (Control) and during exposure to 293B at a concentration of 1, 5, 10, 20, 50 and 100 um
in a same cell. The cell was exposed to each concentration of 293B for 2—3 min. All tail currents were illustrated on an expanded
scale (inset). (b) Concentration-response relationship for the block of Ik tail current by 293B. Percentage block represents the
fraction of I, tail current at —50 mV reduced by 293B at each concentration with reference to the control amplitude of the tail
current. The continuous curve was drawn by a least-squares fit of a Hill equation, yielding /;,,,x of 100%, ICsy of 5.3 um, and ny of
0.94 (see text). Data points represent mean +s.e.mean of six different cells.

the outward current was observed near the end of the
depolarizing pulse at the same concentrations, showing the
presence of a time-dependent block of Iy by 293B. To
analyse the time course of block development during
depolarization, the time-dependent outward currents in
response to depolarizing steps to +50 mV recorded under
control conditions and during exposure to 293B at a
concentration of 1, 5, 10, 20, 50 and 100 uM were super-
imposed after digital subtraction of an initial outward current
jump upon depolarizations (Figure 3a). The amplitude of the
outward current jump was almost the same in each current
trace (approximately 0.4 nA). The 293B-sensitive currents
during depolarizing steps to +50 mV were obtained by
digitally subtracting the current in the presence of various
concentrations of 293B from the control trace and then were
superimposed with the control trace (Figure 3b). The current
ratios representing the 293B block were obtained by normal-
izing the current component blocked by 293B at each
concentration with reference to the control current and then
were plotted as a function of time during a depolarizing
voltage step, which represents the time dependence for 293B
block (Figure 3c). It is evident that the Ik block by 293B at
all concentrations tested progressed with time during the
depolarizing pulse. The time course of 293B block of Ik was
approximated by fitting a single exponential function to the
current ratios at an initial 1000 ms (Figure 3d) and the time
constants (t) of 1045, 291, 252, 201, 126 and 99 ms were
obtained for the block by 293B at a concentration of 1, 5, 10,
20, 50 and 100 uMm, respectively. 293B was thus found to
block Ixs in a time-dependent manner with a more rapid
block at higher concentrations.

It should be noted that a similar transient increase in
outward current was observed during moderate or strong
depolarizations in the presence of higher concentrations
(=20 uM) of 293B in SA node cells dialyzed with Ca**-free
pipette solution (data not shown). It has been demonstrated

in guinea-pig cardiac cells that an activity of Na*/Ca>*
exchange is dependent upon intracellular Ca?* levels and that
an outward Na®/Ca?" exchange current is practically
abolished in the absence of intracellular Ca®* (Kimura er
al., 1986). It is therefore reasonable to assume that a transient
increase in outward current in the presence of 293B (Figures
1 and 2) is practically uncontaminated by the Na*/Ca?*
exchange current.

If the 293B block of Iy, progresses with time during a
depolarizing pulse, the block is expected to be potentiated
with lengthening the pulse duration. The degree of 293B
block of Ixs following brief (400 ms) and long (4000 ms)
depolarizing pulses was evaluated by measuring the
fractional decrease in [xs tail current elicited upon
repolarization to a holding potential of —50 mV in the
presence of 293B. An isolated SA node cell was depolarized
from a holding potential of —50 mV to +50 mV for 400 ms
without and then with 293B at a concentration of 1, 10 or
100 uM and the percentage block was measured as the
fractional decrease in the amplitude of I tail current. After
allowing a nearly full recovery from the block by washing
the 293B off (see Figure 5), the same cell was then
depolarized to +50 mV for 4000 ms, first without and then
with 293B, and the percentage block was again estimated as
the differences in Ik, tail currents in the absence and the
presence of 293B. As demonstrated in Figure 4, the
percentage block was significantly potentiated at each
concentration of 293B with lengthening the pulse duration
from 400 ms to 4000 ms, which is consistent with the
observations showing the time-dependent block of Ik, by
293B (Figures 2 and 3).

Reversible block of Ik by 293B

We next investigated whether the blocking effect of 293B on
I, was reversible by using a maximally effective concentra-
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Figure 3 Time course of 293B block of Ixs. (a) Time-dependent
outward currents of I during 4-s depolarizing steps to +50 mV
under control conditions and during exposure to 293B at a
concentration of 1, 5, 10, 20, 50 and 100 uMm, obtained from the
data shown in Figure 2a. These currents were averages of 3—4 traces
recorded under each condition. For demonstration purpose, these
current traces were superimposed after subtraction of an initial
outward current jump (approximately 0.4 nA) upon depolarizations.
(b) Membrane current components blocked by 293B at a concentra-
tion of 1, 5, 10, 20, 50 and 100 uM, obtained by digital subtraction of
the current trace in the presence of 293B at each concentration from
the control current trace, as indicated. Control current trace was also
superimposed after subtraction of an initial outward current jump
(approximately 0.4 nA) upon depolarization. (¢) Time-dependent
block of Ixs by 293B, represented by the ratio of the membrane
current component blocked by 293B at each concentration to the
control current, as indicated. (d) Single exponential fit (continuous
line) to the current ratios representing the 293B block (shown in
panel ¢) during the initial 1000 ms of depolarizing steps, yielding a
time constant (t) of 1045, 291, 252, 201, 126 and 99 ms for the block
by 293B at a concentration of 1, 5, 10, 20, 50 and 100 um,
respectively.

tion (50 uM). Figure 5 shows a representative example of the
time course of changes in amplitude of I tail current elicited
upon repolarization to —50 mV following 4-s depolarization
to +50 mV during exposure to 50 uM 293B. Ik tail current
was almost totally abolished by exposure to 293B within 30 s
after the application. The blocking effect of 293B on Ik, was
fully reversed within approximately 1 min following super-
fusion with drug-free external solution. Such a complete
recovery of I tail current after a washout of 50 um 293B
was observed in most of the cells examined (9/11). 293B was
thus found to be a fully and rapidly reversible blocker of Iy
in guinea-pig SA node cells, as has been previously described
in human (Bosch et al., 1998) and guinea-pig ventricular cells
(Busch et al., 1996).

J 400 ms

4000 ms
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80
% 60+
k=] 4 P<0.05
e 40
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1 uM 293B 10 uM 293B 50 uM 293B

Figure 4 Dependence of Ik blockade by 293B upon pulse duration.
An SA node cell was depolarized every 10 s from a holding potential
of —50 mV to a test potential of +50 mV for 400 ms before and
during exposure to 293B at a given concentration (1, 10 or 100 um).
The cell was usually exposed to 293B for 2—3 min, which evoked a
steady-state block. After washing 293B off for more than 3 min, the
same cell was then depolarized every 20 s to +50 mV for 4000 ms
and was again exposed to 293B for more than 2 min to attain a
steady-state block. Percentage block was measured as the fractional
decrease in the amplitude of Ik tail current elicited upon return to a
holding potential of —50 mV in the presence of 293B. The columns
and bars represent the mean and s.e.m., respectively (n=6 at each
group). There was a statistically significant difference between the
two groups at each concentration of 293B (Student’s paired t-test).

Block of isoprenaline-stimulated I by 293B

It has been demonstrated in various types of cardiac
myocytes that f-adrenergic agonist isoprenaline potentiates
Ixs through a pathway that involves the activation of
adenylyl cyclase (AC) and adenosine 3’5’ cyclic monopho-
sphate (cAMP)-dependent protein kinase (PKA; Harvey &
Hume, 1989; Yazawa & Kameyama, 1990; Sanguinetti et al.,
1991). We examined the interaction of 293B and isoprenaline
on I, in the experiments represented in Figure 6. In guinea-
pig SA node cells, increasing the concentration of isoprena-
line beyond 1 uM produced no further increase in the
amplitude of Iy, tail current elicited upon return to
—50 mV following 4-s depolarizations to various test
potentials of up to +70 mV (data not shown). Isoprenaline
at 1.0 uM was thus found to evoke a maximal enhancement
of Ixs, which is in good agreement with the observations in
guinea-pig atrial (Matsuura et al., 1996) and ventricular cells
(Yazawa & Kameyama, 1990). An isolated SA node cell was
initially exposed to 1.0 uM isoprenaline, which produced a
marked increase in Ixs (Figure 6a, left-hand and middle
panels). After the stimulatory response to isoprenaline
reached the steady state, 50 uM 293B was further added to
the bath in the presence of isoprenaline. The subsequently
applied 293B greatly reduced the amplitude of Ik, (Figure 6a,
right hand panel), thus showing that 293B is also effective in
blocking I during f-adrenergic stimulation. Since an initial
rise of Ik activation was still observed upon depolarizations
in the presence of 293B, the blocking action of 293B on
isoprenaline-stimulated 7Ixs appears to develop in a time-
dependent manner, qualitatively similar to that on Ixs under
control conditions (Figures 2, 3 and 4).

To quantitatively evaluate the stimulatory effect of
isoprenaline and the blocking action of 293B on Iy, the
amplitudes of tail currents elicited upon return to —50 mV
following various depolarizing pulses were measured. Figure
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6b illustrates I-V relationships for the tail currents recorded
under control conditions, during exposure to 1 uM isoprena-
line, and after addition of 50 uM 293B in the presence of
isoprenaline. Isoprenaline evoked an increase in I tail

50 uM 293B
a [+
o ©
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Figure 5 Reversibility of 293B block of Ixs. An SA node cell was
repetitively depolarized every 30s from a holding potential of
—50 mV to +50 mV for 4 s. The amplitude of tail current elicited
upon return to the holding potential was plotted as a function of time
for the entire experiment. 293B at a concentration of 50 um was
added to the bath during the period indicated by the horizontal bar.
The inset illustrates examples of the original current traces recorded
at the time points indicated on the graph.

current by a factor of approximately 2, when measured upon
repolarization following strong depolarizations (= +40 mV).
This degree of maximal enhancement (approximately 2.0
fold) of Ik tail current by isoprenaline in SA node cells is
comparable to that observed in guinea-pig atrial and
ventricular cells (2.5-3 fold; Matsuura et al., 1996; Yazawa
& Kameyama, 1990). The smooth curves represent the least-
squares fit of the data to a Boltzmann equation (equation 1).
In a total of four cells, V;, and k values respectively
averaged 104+3.7mV and 12.3+1.2mV for control,
—1.94+1.7mV and 12.840.8 mV for isoprenaline, and
—4.0+9.7mV and 17.94+3.3 mV for isoprenaline+293B.
The voltage-dependence of Iy, activation was shifted by
isoprenaline to a more negative direction by 12.2+2.4 mV
(n=4), and this result is consistent with previous observations
regarding the effect of cAMP-PKA-activating agents on [y
in guinea-pig ventricular myocytes (Harvey & Hume, 1989;
Yazawa & Kameyama, 1990; Walsh & Kass, 1991).

293B at 50 um caused a nearly complete block of Iy
maximally stimulated by 1.0 uM isoprenaline (94.0+0.98%
block, n=6), when evaluated by the decrease in [ tail
current elicited following depolarization to +70 mV. Block
of control [Ixs; by the same concentration of 293B
(99.4+0.45% block, n=6) was slightly but significantly
larger than that of isoprenaline (1 pM)-stimulated [y

1 uM ISO + 50 uM 293B

% Block by 293B

Control 1 uM iSO
-50 E
b c

04 - 1 uM ISO
<
£ 03
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=
=01
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40 20 0 20 40 60 80
Test potential (mV)

Control ISO

Figure 6 Blockade of isoprenaline-stimulated /i, by 293B. (a) Superimposed current traces during 4-s voltage-clamp pulses to test
potentials of —40 to +70 mV in 10 mV steps applied from a holding potential of —50 mV, under control conditions (left-hand
panel), 4 min after exposure to 1 uM isoprenaline (middle panel), and 3 min after further addition of 50 um 293B in the presence of
isoprenaline (right-hand panel). A schematic diagram of voltage-clamp protocol is shown above the control traces. (b) I-V
relationships for Ik, tail currents obtained from the records in (a), under control conditions, during application of isoprenaline, and
after addition of 293B. The least-squares fit of the data points to a Boltzmann equation provides V, and k (see text). Control:
V12=9.3mV, k=13.5 mV; Isoprenaline: V,,=—1.3 mV, k=12.5 mV; Isoprenaline +293B: V|,=—3.6 mV, k=18.1 mV. Since
the amplitude of Ik, tail current in the presence of isoprenaline +293B was relatively large (~30 pA at a test potential of +70 mV),
these data points were fitted to a Boltzmann equation. (c¢) Percentage block of Ik, measured upon return to the —50 mV holding
potential following 4-s depolarization to +70 mV, under control conditions and in the presence of 1 um isoprenaline. The columns
and bars represent the mean and s.e.mean, respectively. A significant difference (P <0.01; Student’s unpaired z-test) can be detected
between these two groups (Control, 99.4+0.45% block, n=6; Isoprenaline, 94.0 +0.98% block, n=6).
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(P<0.01, Figure 6¢c). However, 293B at a concentration of
100 um  blocked the isoprenaline-stimulated [Ixs by
98.8+1.23% (n=3), a value similar to the block observed
in control Iy, by the same concentration (100 uM) of 293B
(99.74+0.16% block, n=6), showing that a similar maximal
response (a nearly full block) was achieved by 293B for basal
and isoprenaline-stimulated Ik by increasing its concentra-
tion to 100 uM.

After washing off 50 uM 293B in the presence of 1 uMm
isoprenaline, the amplitude of Ik tail current was restored by
more than 90% at all test potentials between —40 and
+70 mV (data not shown), thus suggesting that blocking
action of 293B on isoprenaline-stimulated /I, is also
reversible. It was shown in guinea-pig ventricular cells that
isoprenaline not only increases the amplitude of I, but also
reduces its E-4031 sensitivity through a mechanism that
involves an activation of protein kinase C (Heath & Terrar,
2000). This observation was reported to be only detected
when Iy, is recorded using a perforated patch-clamp method
and in the absence of blockers for /¢, . Since the present
experiments were not conducted in such a way, it is unlikely
that a small amplitude of the tail current observed in the
presence of isoprenaline and 293B (Figure 6a, right-hand
panel) is related to deactivation of Iy,.

Absence of effect of 293B on Iy

The effect of 293B on Iy was examined in guinea-pig SA node
cells. In these experiments cells were held at —40 mV to
minimize the activation of I at the holding potential and then
hyperpolarized every 12s to test potentials of —50 to
—120 mV for 2s in 10 mV steps. The amplitude of I; at
each test potential was determined by digitally subtracting the
current level measured after decay of the capacitance
transient from that at the end of the hyperpolarizing pulse.
Since an obvious /; (amplitude > ~30 pA) was evoked during
hyperpolarizations to test potentials < —70 mV, the effect of
293B was evaluated at these negative potentials. The
amplitude of I; measured 5 min after exposure to 50 uM
293B was more than 95% of that recorded before its
exposure at each test potential, thus suggesting that 293B
did not appreciably affect I in guinea-pig SA node cells. This
observation is similar to a recent report in isolated rabbit SA
node cells (Lei et al., 2002).

Discussion

The present investigation demonstrates (i) that Ik in an
isolated guinea-pig SA node cell is highly sensitive to block
by the chromanol derivative 293B (ICso=5.3 uMm; Figure 2);
(i1) that I block with 293B progresses with time during a
depolarizing step with a more rapid block at higher
concentrations (Figures 3 and 4); (iii) that the blockade of
Ik by 293B is fully and rapidly reversible with a washout of
the drug even after a maximal effect (a nearly full inhibition)
is achieved (Figure 5); and (iv) that 293B also exerts a potent
blocking action on Ik which is maximally stimulated by f-
adrenergic agonist isoprenaline (Figure 6).

We recently demonstrated that I in guinea-pig SA node
cells is divided into two distinct components by the sensitivity
to E-4031; an E-4031-sensitive Ix activates rapidly and at

potentials positive to —40 mV and displays a marked inward
rectification whereas an E-4031-resistant [k activates more
slowly and at more depolarized potentials and shows a
minimal inward rectification (Matsuura et al., 2002). These
results provide functional evidence for the presence of Ik,
and Ik, in guinea-pig SA node cells. In addition, an envelope
of tails test performed in the presence of 5 um E-4031 showed
that the ratio of time-dependent outward current during
depolarization to the tail current elicited on hyperpolarization
is almost constant and is close to the predicted ratio of the
driving force for a minimally rectifying ionic conductance (see
Figure 2, Matsuura et al., 2002). Thus, there is practically no
clear evidence for the activation of ionic current systems
other than Ik in guinea-pig SA node cells when depolarized
from a holding potential of —50 mV in the presence of E-
4031 and nisoldipine. It has also been reported that the
transient outward current (/) is hardly detected in guinea-
pig SA node cells (Guo et al., 1997). It is therefore reasonable
to regard the membrane current changes elicited by
depolarizing voltage steps in the absence or presence of
293B as representing the time course of Ik activation under
the present experimental conditions.

The present experiments consistently detected a character-
istic transient increase in the outward current during
moderate or strong depolarizations in the presence of 293B
at concentrations >20 uM (Figures 1 and 2), which indicates
the time-dependent development of Ixs block with 293B. A
similar response to 293B during a depolarizing voltage step
has also been noted for Iy, in guinea-pig ventricular cells
(Fujisawa et al., 2000) and KvLQTI1/minK current hetero-
logously expressed in Xenopus oocytes (Seebohm et al., 2001)
or mammalian cells (Loussouarn et al., 1997). The degree of
Iy, block by 293B during a depolarizing voltage step,
measured as the ratio of amplitude of Ik blocked by 293B
to baseline Ik, was found to progress in a time-dependent
manner with faster time constants at higher concentrations
(Figure 3). Block of Iy by higher concentrations (=50 um)
of 293B reached a peak level within a 4-s voltage step, while a
block by lower concentrations (<20 uM) of 293B still did not
reach a steady state level even at the end of 4-s step, when
evaluated during depolarizations to +50 mV (Figure 3C).
The observation that the degree of Iy, block was significantly
potentiated by lengthening the duration of depolarizing
voltage steps (Figure 4) is also consistent with the time-
dependent development of 293B block during depolariza-
tions. An initial rise of time-dependent outward current
which represents an activation of Ixs was found to be almost
unchanged by the addition of 1 uM 293B while the reduction
of Ixs became evident towards the end of depolarizing
voltage steps (Figure 2a and 3a), which is consistent with the
hypothesis that 293B exerts little or no appreciable effect on
Ik channels in a closed state but produces a time-dependent
block at the channels in an open state. Taken together, it is
reasonable to suggest that 293B preferentially affects I
channels in an open state in guinea-pig SA node cells.
Fujisawa et al. (2000) proposed that 293B acts as an open
channel blocker of Ix, channels in guinea-pig ventricular cells
with relatively small blocking rates, compared to those so far
reported for other open channel blockade of various ionic
currents.

It has been shown in cardiac myocytes of many
mammalian species including humans that the two compo-
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nents of Iy (Ix, and Ixs) not only play a dominant role in
repolarization process of action potentials but also represent
a potentially relevant target for the actions of neurotrans-
mitters and drugs. The methanesulphonanilide class 111
antiarrhythmic drugs selectively inhibit Ix, and thereby
prolong the action potential duration which is an important
determinant of the effective refractory period in cardiac
muscle. On the other hand, $-adrenergic stimulation has been
demonstrated to preferentially potentiate Iy in guinea-pig
ventricular cells (Sanguinetti et al., 1991) and human atrial
cells (Wang et al., 1994), while in recent years it was shown in
guinea-pig ventricular cells that f-adrenoceptor stimulation
potentiates Iy, through a pathway that involves the
activation of protein kinase C (Heath & Terrar, 2000). These
drugs and neurotransmitters thus can affect the relative
contribution of [, and Ik to repolarizing outward currents
in cardiac muscle. The prolongation of ventricular action
potential duration by E-4031 or dofetilide was shown to be
reversed by the presence of isoprenaline (Sanguinetti et al.,
1991; Schreieck et al., 1997), whereas isoprenaline was
demonstrated to fail to antagonize the prolongation of
ventricular action potential duration induced by 293B
(Schreieck et al., 1997; Shimizu & Antzelevitch, 1998). The
present experiments clearly demonstrate that Iy, which is
maximally stimulated by isoprenaline is almost totally
blocked by the subsequently applied 293B (Figure 6), which
may underlie the ineffectiveness of isoprenaline in antagoniz-
ing the 293B-induced prolongation of ventricular action
potential (Schreieck ez al., 1997, Shimizu & Antzelevitch,
1998). The present results further indicate that 293B can still
effectively prolong the action potential duration and the
refractory period during elevated sympathetic tone in vivo,
which may clearly contrast with the effect of I, -blocking
class III antiarrhythmic drugs (Sanguinetti et al., 1991;
Schreieck et al., 1997). Although the blocking effect of
50 uM 293B on Ik was slightly but significantly reduced after
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