
The strong inward rectifier K+ (KIR) channel provides one

of the major components of the repolarizing outward

current, IK1, in the cardiac action potential (AP). IK1 exhibits

voltage- and time-dependent changes because of the

blocking kinetics exerted by the intracellular polyamines

and Mg2+ (Matsuda et al. 1987; Vandenberg, 1987; Ficker

et al. 1994; Lopatin et al. 1994, 1995; Fakler et al. 1995;

Ishihara et al. 1996; Yamashita et al. 1996; Ishihara, 1997).

Recently, we demonstrated that these blocking kinetics

produce a transient outward current (outward IK1

transient) of significant amplitude on repolarization (_20

to _80 mV) following a large depolarizing pulse (>0 mV;

Ishihara & Ehara, 1998). In estimating the amplitude of IK1

during cardiac APs in the model calculation, a time-

independent rectification has been assumed, neglecting

the aforementioned time-dependent kinetics of the KIR

channel (Di Francesco & Noble, 1985; Luo & Rudy, 1994).

However, it is expected that the time-dependent kinetics of

the KIR channel would cause a dynamic change in the

outward component of IK1 during the repolarization phase

of cardiac APs.

The fast rising phase of the outward transient was

explained by an instantaneous but partial relief from the

magnesium-induced block (Mg2+ block; see also Ishihara

et al. 1989), and the subsequent time-dependent decay phase

by a delayed polyamine-induced block (polyamine block).

According to this view, the outward IK1 transient as well as

the steady-state amplitude of outward IK1 should depend

on the intracellular concentrations of both polyamines

and Mg2+. However, the concentrations of cytoplasmic

polyamines have not been controlled in our previous

whole-cell recordings using the conventional ruptured-

patch method. Although polyamine molecules (spermine

and spermidine) are abundantly present in the cytoplasm,

where they are bound to large molecules such as RNA,

proteins and ATP (Watanabe et al. 1991), dialysis of the

intracellular milieu with an artificial pipette solution might

have altered the concentrations of cytoplasmic polyamines,

thus influencing the recorded IK1. Indeed, when we

measured the inward rectifier K+ current from a cultured

fibroblast cell line using the conventional patch-clamp

method, a washout of polyamines was strongly suggested
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The outward current that flows through the strong inward rectifier K+ (KIR) channel generates IK1,

one of the major repolarizing currents of the cardiac action potential. The amplitude and the time

dependence of the outward current that flows through KIR channels is determined by its blockage by

cytoplasmic cations such as polyamines and Mg2+. Using the conventional whole-cell recording

technique, we recently showed that the outward IK1 can show a time dependence during

repolarization due to competition of cytoplasmic particles for blocking KIR channels. We used the

amphotericin B perforated patch-clamp technique to measure the physiological amplitude and time

dependence of IK1 during the membrane repolarization of guinea-pig cardiac ventricular myocytes.

In 5.4 mM K+ Tyrode solution, the density of the current consisting mostly of the sustained

component of the outward IK1 was about 3.1 A F_1 at around _60 mV. The outward IK1 showed an

instantaneous increase followed by a time-dependent decay (outward IK1 transient) on

repolarization to _60 to _20 mV subsequent to a 200 ms depolarizing pulse at +37 mV (a double-

pulse protocol). The amplitudes of the transients were large when a hyperpolarizing pre-pulse was

applied before the double-pulse protocol, whereas they were small when a depolarizing pre-pulse

was applied. The peak amplitudes of the transients elicited using a hyperpolarizing pre-pulse were

0.36, 0.63 and 1.01 A F_1, and the decay time constants were 44, 14 and 6 ms, at _24, _35 and

_45 mV, respectively. In the current-clamp experiments, a phase-plane analysis revealed that

application of pre-pulses changed the current density at the repolarization phase to the extents

expected from the changes of the IK1 transient. Our study provides the first evidence that an outward

IK1 transient flows during cardiac action potentials.
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by a change in the time-dependent gating kinetics (Ishihara,

1997). Although such effects were not obvious in cardiac

myocytes, as we have discussed in previous work (Ishihara

& Ehara, 1998), there was no proof that a washout of

polyamines did not influence the outward IK1 transients.

Furthermore, while the free Mg2+ concentration in the

pipette solution used in the previous whole-cell recordings

was controlled using EDTA to mimic that in intact cardiac

cells (0.5–1 mM; Murphy et al. 1991), the actual free Mg2+

concentration inside the cells during dialysis might not

necessarily have been close to that in the pipette solution.

In order to extrapolate the gating kinetics of the KIR

channel to the cardiac AP under physiological conditions,

we attempted to measure IK1 in the presence of

physiological concentrations of cytoplasmic multivalent

cations functioning as KIR channel blockers. To this end,

we used the amphotericin B perforated-patch clamp

method, a method that was expected to prevent the

washout of intracellular multivalent cations.

METHODS
Isolation of single ventricular cells
The method used to isolate single ventricular cells from the adult
guinea-pig heart was essentially the same as that described
previously (Powell et al. 1980; Isenberg & Klockner, 1982). Female
guinea-pigs (250–400 g) were deeply anaesthetised by intra-
peritoneal injection of an overdose of sodium pentobarbitone
(100–150 mg kg_1). Under artificial respiration, the aorta was
cannulated in situ to start coronary perfusion with Tyrode solution.
The heart was then excised and mounted on a Langendorff-type
apparatus to be further perfused with a calcium-free Tyrode solution
for 5 min, and with the same solution containing 0.5 mg ml_1

collagenase (Wako Pure Chemical Industries, Osaka, Japan) for
another 10–13 min at 37 °C. After treatment with the enzyme, the
cells were dissociated in a modified Kraft-Brühe (KB) solution
(Isenberg & Klockner, 1982) and stored in the same solution at
4 °C until later use. All procedures using animals were approved
by the ethical committee of animal use of Saga Medical School.

Solutions
The Tyrode solution contained (mM): NaCl 140, KCl 5. 4, MgCl2

0.5, CaCl2 1.8, NaH2PO4 0.33, glucose 5.5 and Hepes 5, pH 7.4 with
NaOH. The modified KB solution contained (mM): potassium
glutamate 70, KCl 30, KH2PO4 10, MgCl2 1, taurine 20, EGTA 0.3,
glucose 10 and Hepes 10, pH 7.2 with KOH. The Tyrode solution
was used as the external solution in all electrophysiological
experiments. In voltage-clamp experiments, nicardipine (2 mM;
Sigma) and E4031 (5 mM; a gift from Eisai Pharmaceuticals,
Tokyo, Japan) were added to inhibit the L-type Ca2+ current (ICa,L)
and the rapidly activating delayed rectifier K+ current (IKr),
respectively. To suppress the slowly activating delayed rectifier
K+ current (IKs), chromanol 293B (50 mM; a gift from Hoechst
Marion Roussel, Frankfurt, Germany) was also used. It has been
demonstrated that E4031 and 293B do not affect IK1 at these
concentrations (Sanguinetti & Jurkiewicz, 1990; Bosch et al. 1998).
The pipette solution used in the perforated-patch recordings
contained (mM): potassium gluconate 125, KCl 15, NaCl 10, CaCl2 1,
and Hepes 5, pH 7.2 with KOH. Amphotericin B (Wako Pure
Chemical Industries) stock solution (30 mg ml_1 in DMSO) was

diluted with this pipette solution (final concentration, 300 mg ml_1)
with the aid of sonication. Since the aqueous pores made by a
polyene antibiotic amphotericin B are reported to be impermeable
to divalent cations but to pass monovalent ions (Kleinberg &
Finkelstein, 1984), the composition of K+, Na+ and Cl_ ions in the
pipette solution was made similar to that in cardiac cells (Sheu &
Fozzard, 1982; Tajima et al. 1996). We included 1 mM Ca2+ in this
solution so that spontaneous rupture of the perforated-patch
membrane could be immediately recognised via cell contracture.
The pipette solution used in the conventional whole-cell recordings
contained (mM): KCl 30, potassium aspartate 85, KH2PO4 10,
K2ATP 2, K2EDTA 2, MgCl2 5 and Hepes 5, pH 7.2 with KOH. The
free Mg2+ concentration in this solution was calculated to be
approximately 1 mM (Fabiato & Fabiato, 1979).

Recording techniques
Whole-cell currents and APs were recorded using the amphotericin
B perforated patch-clamp technique (Horn & Marty, 1988; Rae et
al. 1991) with a patch-clamp amplifier (CEZ-2300, Nihon Koden,
Tokyo, Japan, or Axopatch 200B, Axon Instruments, Union City,
CA, USA). Whole-cell currents were also recorded by the
conventional ruptured patch-clamp method (Hamill et al. 1981).
Patch electrodes were made from Pyrex glass capillary tubes
(Narishige, Tokyo, Japan). The resistances of the electrodes were
2–4 MV when filled with the pipette solutions. Stimulations and
acquisitions of voltage and current signals were performed by
pCLAMP software (version 7, Axon Instruments) on a Pentium
PC through a 12-bit A/D-converter (Digidata 1200A, Axon
Instruments). The isolated ventricular cells placed in the recording
chamber were superfused continuously with the external solution
at 35–36 °C. To monitor the series resistance (RS) and to determine
the cell membrane capacitance (Cm), the capacity transients were
recorded periodically during experiments using ± 5 mV voltage
steps applied following a pre-pulse to 0 mV. The holding potential
was set at the resting potential measured in each experiment. We
verified that polyamines did not pass through the perforated-
patch membrane by confirming that inclusion of spermine
(500 mM) in the pipette solution had no obvious effects on IK1 in
the perforated-patch recording, in contrast to the strong blocking
effects on IK1 observed in the conventional whole-cell recording
(data not shown).

Data analysis
Based on the measurements of the liquid junction potentials
between the Tyrode and the pipette solutions, the actual pipette
potentials (VP) were assumed to be more negative than the
recorded VP by about _13 and _10 mV in the perforated-patch
and the conventional configurations, respectively. Thus, the
recorded VP values were corrected by these amounts. To obtain
the RS values, the capacitive currents were fitted with a single
exponential curve (Fig. 1B, inset) to determine the amplitude of
the current jump (Iin) at the onset of the voltage step (DVp) from the
time zero value of the exponentials. The relationship, RS = DVP/Iin,
was used to calculate RS. The Cm values were obtained from the
time constant (t) of the capacitive transients, RS and the membrane
resistance (Rm) using the relationship, Cm = t w (1/RS + 1/Rm).
During voltage-clamp experiments, we could usually compensate
for RS by only 40–60 % using the circuit incorporated in the patch-
clamp amplifier (Marty & Neher, 1995). Thus, the remaining
RS-related voltage error was corrected using the equation,
Vm = VP _ RS* w I, where RS* is the amount of RS that remains
uncompensated. The RS-related voltage error under current-
clamp conditions with current injection (Fig. 5A) was also
compensated for by using the aforementioned equation. To

K. Ishihara, D.-H. Yan, S. Yamamoto and T.Ehara832 J. Physiol. 540.3



obtain the I–Vm relationships shown in Figs 1 and 2, the amplitude
of inward currents was measured at their peak. The chord
conductance values shown in Fig. 6B were obtained as I/(Vm _ Vrev),
where Vrev is the reversal potential of the current. Fitting of current
traces to a single exponential function was carried out using
pCLAMP software. Statistical values are given as the mean ± S.E.M.
(where n is the number of cells). In the figures, the pulse protocols
are indicated by the VP values. The horizontal dotted lines
superimposed on the current traces indicate the zero-current
level.

Model calculation
The amplitudes of the background sodium current (INa,b) and the
Na+–K+ pump current (INaK) shown in Fig. 6A were calculated
using the formula described by Luo & Rudy (1994) at the

extracellular and intracellular concentrations of Na+ and K+ we
used in this study. The calculation of the effects of pre-pulses on
AP, IKs and IKr (Fig. 7) were performed according t o the Luo–Rudy
model of a mammalian ventricular AP (Luo & Rudy, 1994) and its
modifications (Zeng et al. 1995; Viswanathan et al. 1999; Faber &
Rudy, 2000), using Microsoft Visual BASIC (version 6). Briefly,
the differential equation, dVm/dt = _(1/Cm)(Im + Istim), was solved,
where Istim is the stimulus current and Im is the sum of all ionic
currents through the membrane. To simulate the pre-pulse
effects, a depolarizing (_2.7 A F_1, 50 ms) or a hyperpolarizing
(16 A F_1, 50 ms) current was added before applying Istim (_65 A F_1,
< 0.5 ms). The extracellular and intracellular concentrations of
Na+ and K+ were fixed at the values we used in this study. The
results of calculation at each pre-pulse condition (without or with
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Figure 1. IK1, a major repolarizing current in the cardiac action potential (AP), recorded from a
guinea-pig ventricular cell using the amphotericin B perforated-patch method
A, representative current traces obtained using the perforated-patch method. Currents were recorded about
35 min after obtaining a gigaseal. The external solution contained nicardipine, chromanol 293B and E4031.
Currents recorded using voltage pulses from _159 to _23 mV in about 20 mV increments are superimposed.
The holding potential was kept at the resting potential (_84 mV in this cell). B, changes in series resistance
(RS, ª) and the time constant of the capacitive currents (t; 0) during the experiment. Time zero indicates
when a gigaseal was obtained. Compensation for RS was not performed using the patch-clamp amplifier to
obtain these data. The inset shows examples of the fitting of a single exponential curve to the capacitive
currents. The time constants of the exponentials are indicated on each trace. C, current–pipette potential
(I–VP) relationships of the currents recorded as shown in A, at about 11 min (•), 22 min (0), and 35 min
(8) after obtaining a gigaseal. The amount of RS compensated using the patch-clamp amplifier (CEZ-2300)
was 6.5 MV. D, current–membrane potential (I–Vm) relationships transformed from the I–VP relationships
shown in C. To obtain these relationships, the remaining RS-related voltage errors were calculated using the
RS values shown in B.



a depolarizing/hyperpolarizing pre-pulse) were obtained by
applying Istim at a cycle length of 1 s (1 Hz) for 1 min.

RESULTS
Stability of IK1 recorded using the perforated-patch
method
To verify that dialysis of the intracellular milieu through

the perforated-patch membrane had not altered the

concentration of internal particles functioning as the intrinsic

blocker of IK1, we first examined whether the I–Vm

relationship of IK1 showed any change during the

experiments. Figure 1A shows a family of currents recorded

from a guinea-pig ventricular cell using the amphotericin

B perforated-patch method using voltage steps applied to

various levels. The bath solution contained blockers of

ICa,L, IKs and IKr, and voltage pulses were applied following a

pre-pulse at _43 mV, which inactivated the voltage-

dependent Na+ current. The recorded currents, which were

obtained at about 35 min after the gigaseal formation,

exhibited a strong inward rectification. The small outward

currents showed no significant time dependence, while the

large inward currents showed a fast activation phase

followed by a slow inactivation phase. These two phases of

the inward currents are the characteristics of the cardiac IK1

(Biermans et al. 1987; Ishihara et al. 1989). In our perforated-

patch experiments using amphotericin B, the value of RS

usually decreased continuously at a slow speed (Fig. 1B).

When the amount of RS compensated for using the patch-

clamp amplifier was kept constant, the amplitude of inward

currents increased concurrently, as shown by the I–VP

relationships (Fig. 1C). When these I–VP relationships

were transformed to I–Vm relationships by calculating the

RS-related voltage errors (see Methods), they became

similar to each other (Fig. 1D). This finding indicates that

the measured currents consisting mostly of IK1 were stable,

and that the particles causing the strong inward rectification

of IK1 remained in the intracellular space throughout the

perforated-patch experiment. In all cells examined, the

corrected I–Vm relationships of the currents thus recorded

remained nearly unchanged throughout the experiments

(n = 6).

Density of IK1 in guinea-pig ventricular cells
Since RS did not fluctuate, but showed only a slow change

during the perforated-patch clamp experiments (Fig. 1B),

we considered it reliable enough to obtain I–Vm relationships

by estimating the RS-related voltage error using the RS

values measured periodically during experiments. The I–Vm

relationships of the currents thus obtained from different

cells are shown in Fig. 2A. The mean value of the Vrev of the

relationships was _83.1 ± 0.6 mV (n = 9). The current

amplitudes expressed relative to the cell capacitance were

similar to each other, suggesting that the ventricular cells

possesses a similar density of IK1. Figure 2B shows the

relationships between Vm in the physiological range and

the outward-current density. The hump of outward

current flowing at less positive voltages is characteristic of

IK1 in cardiac cells (Matsuda & Noma, 1984; Ishihara &

Ehara, 1998). The maximum value of the outward current

was 3.1 ± 0.1 A F_1 at _63.5 ± 1.1 mV (n = 9).

Outward IK1 transient observed in perforated-patch
recordings
The experiments carried out using the conventional

ruptured-patch-clamp method have indicated that the

outward current of cardiac IK1 can show a time dependence

that is most likely to be due to competition between

intracellular Mg2+ and polyamines for blocking KIR
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Figure 2. Density of IK1 in guinea-pig ventricular cells measured using perforated-patch
recordings
A, I–Vm relationships of the currents obtained as described in Fig. 1 from different cells. Current amplitudes
are expressed as relative to the cell capacitance. The capacitance of the ventricular cells used to obtain the data
was 150 ± 11 pF (n = 9). The continuous curve indicates the average relationship. B, outward-current
density in the physiological voltage range. The plot shown in A was expanded. The continuous line is the
average relationship also shown in A.



channels (Ishihara & Ehara, 1998). When the intracellular

solution contained about 1 mM free Mg2+, the outward

current recorded exhibited a clear transient that was

presumably due to an instantaneous relief of the Mg2+

block and the slow re-block of KIR channels by polyamine.

The current traces shown in Fig. 3 indicate that the transient

component of the outward IK1 was indeed observed using

the perforated-patch method. When a large depolarizing

pulse was applied after a hyperpolarizing pre-pulse to

_120 mV, a transient component was observed in the

outward currents during the subsequent repolarizing steps

to _42, _33 and _23 mV (Fig. 3A, left column). The

amplitude of the transients became smaller when the pre-

pulse was not applied (Fig. 3A, middle column), and it

became negligible when using a depolarizing pre-pulse to

_42 mV (Fig. 3A, right column). The maximum amplitude

of the inward currents was not affected by the pre-pulses

(Fig. 3A, panels in the lower row), indicating that a change
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Figure 3. Outward IK1 transients observed using perforated-patch recording
A, pre-pulse dependence of the transient outward currents observed during repolarizing voltage steps
applied subsequent to a depolarizing pulse (+37 mV, 200 ms). A hyperpolarizing (_120 mV) or a
depolarizing (_42 mV) pre-pulse was applied in the left or the right column, respectively. Currents recorded
using repolarizing steps at voltages between _23 and _42 mV are superimposed in the middle row, and those
at below _62 mV are superimposed in the lower row. B, dependence of the amplitude of the transient
outward current on the duration of the depolarizing pulse (left panel, +37 mV, right panel, +13 mV).
Currents recorded using depolarizing pulses of different durations (100, 200 and 300 ms) are superimposed
in each panel. Currents shown in this figure were recorded from the same cell placed in an external solution
containing nicardipine, chromanol 293B and E4031. The holding potential was set at the resting potential
(_85 mV in this cell). Inward currents observed during hyperpolarizing pre-pulses are truncated in the
middle row of A and B.



in the RS value was not involved in the generation of the

transients. This pre-pulse dependence of the repolarization-

evoked transients is comparable to that of the outward IK1

transients observed using the ruptured-patch method. It is

suggested that Mg2+ blockade during depolarization to

+37 mV was facilitated by opening KIR channels before the

depolarization, and was hindered by closing the channels

through the polyamine block before the depolarization.

Figure 3B shows that the peak amplitude of the outward

transient became smaller as the duration of the depolarizing

pulse to +37 mV was prolonged. This attenuation of the

transient occurred faster when the depolarizing pulse was

applied to a more negative voltage (+13 mV). These findings

were also consistent with the behaviour of the outward IK1

transient observed in ruptured-patch recordings. It is

considered that the re-equilibration of KIR channels from

the Mg2+ block to the polyamine block occurs even during

depolarization, with a slower speed at more positive

voltages. These findings were consistent in all 15 cells we

examined, suggesting that the gating mechanisms of KIR

channels inferred from the ruptured-patch experiments

hold true under physiological cytoplasmic conditions.
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Figure 4. Time and voltage dependences of the outward IK1 transient, as observed by
perforated-patch recordings
A, isolated transient components of the outward IK1 observed during repolarizing voltage steps. Transient
currents were evoked using a hyperpolarizing pre-pulse, as illustrated in Fig. 3A (left), and were isolated by
digitally subtracting the sustained current components recorded using a depolarizing pre-pulse (Fig. 3A,
right). The vertical dotted line indicates the time points when repolarizing steps were given. The numerals on
the left of each trace indicate VP at the repolarizing pulses. Fits of a single exponential curve to the decaying
phase of the current components are also given. B, peak amplitudes of the transients plotted against Vm

during repolarizing voltage steps. Plotted are the data obtained by perforated patch using a 200 ms
depolarizing pulse to +37 mV (0, n = 5), and those by the ruptured patch using a 100 ms depolarizing pulse
to +30 mV (ª, n = 7). The pipette solution used in ruptured-patch recording contained about 1 mM free
Mg2+ and no polyamines. The values are the mean values, and the vertical lines indicate S.E.M. The S.E.M. is not
shown where the value was smaller than the symbol. C, time constants of the decaying phase of the outward
IK1 transients. Data obtained from 10 perforated-patch experiments are plotted against Vm at the repolarizing
steps. Different symbols indicate different experiments. D, comparison of the decay time constants obtained
by perforated patch clamp (0) and by ruptured patch clamp (ª). The mean values are shown (perforated
patch, n = 10; ruptured patch, n = 8).



Time and voltage dependence of the outward IK1

transient under physiological cytoplasmic
conditions
Figure 4A shows the isolated outward IK1 transients induced

by repolarization of different amplitudes in the perforated-

patch recording. The amplitude of the transients became

larger as the voltage in the repolarizing steps was made

more negative, closer to the resting potential (Fig. 4B).

This observation is consistent with the view that the more

negative the voltage is, the larger the extent of the relief of

Mg2+ block becomes. The peak amplitudes of the transients

measured using a depolarizing pulse to +37 mV for

200 ms were 0.36 ± 0.04, 0.63 ± 0.06 and 1.01 ± 0.11 A F_1

at _24 ± 0.09, _34 ± 0.2 and _45 ± 0.43 mV, respectively

(n = 4). Like those observed in the ruptured-patch

experiments, the rate of the decay was increased by making

the voltage during the repolarization more negative

(Fig. 4A). It is considered that the polyamine block

underlying the decay of the outward current is accelerated

at less positive voltages because the competition with the

Mg2+ block is reduced (Ishihara & Ehara, 1998). The time

course of the current decay could be fitted by a single

exponential function (Fig. 4A). The voltage dependence of

the time constants are shown in Fig. 4C. The time

constants under the perforated patch-clamp measurement

were 44.2 ± 4.9, 13.7 ± 1.6 and 5.6 ± 0.4 ms at _24.3 ± 0.4,

_34.5 ± 0.4 and _45.2 ± 0.5 mV (n = 10), respectively. In

our previous whole-cell recordings, the amplitude of
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Figure 5. Effects of a hyperpolarizing or a depolarizing pre-pulse on AP duration (APD) and
the net current density during AP repolarization
A, changes in the APD observed using a depolarizing (0) or hyperpolarizing (1) current pre-pulse.
Command pulses (5 nA, 0.9 ms) without or with a pre-pulse of appropriate amplitude were applied
continuously at 1 Hz to elicit APs. The same pre-pulse condition was used for about 30 s to record APs. The
pre-pulse condition was changed chronologically in the following order: ‘without a pre-pulse’ (Control),
‘with a hyperpolarizing pre-pulse’ (Hyper), Control, ‘with a depolarizing pre-pulse’ (Depo) and Control.
Representative AP records observed at each pre-pulse condition are shown. The plot in the bottom panel
shows APD90 at each pre-pulse condition. Each symbol represents the mean ± S.E.M. The number of records
analysed to obtain the data is indicated in parentheses. B, phase-plane diagrams obtained from the
repolarization phase of the APs. The _dVm/dt values calculated from the APs are plotted against Vm. Five
representative relationships are shown for each pre-pulse condition. APs were digitally filtered at 200 Hz
before calculation. Note that the unit V S_1 is equivalent to A F_1. The amplitude of the outward current
decreased with the depolarizing (0) and increased with the hyperpolarizing (1) pre-pulse. C, changes in the
current density at the repolarization phase caused by using pre-pulses. Shown are the difference between
_dVm/dt (net current density)–Vm relationships obtained with depolarizing (0) and hyperpolarizing (1)
pre-pulses (dotted line), and that between the relationships obtained with and without a depolarizing pre-
pulse (continuous line).



outward IK1 transients varied among the experiments

(Ishihara & Ehara, 1998). Since the previous study was

performed at room temperature in order to suppress IKs,

we re-examined the IK1 transients using the ruptured-

patch method at physiological temperatures, with a

pipette solution containing about 1 mM free Mg2+ but no

polyamines (Fig. 4B). Although the voltage dependences

of the amplitude of the transients were similar between the

two methods, the amplitudes of the transients measured

using the perforated-patch method were obviously less

variable, and the mean values of the amplitudes were smaller

than those obtained using the ruptured-patch method. In

contrast, the time constants obtained with the perforated

patch recordings (Fig. 4D, 0) were comparable to those

found in the ruptured-patch recordings (Fig. 4D, ª).

Outward IK1 transient during cardiac APs
In the experiment shown in Fig. 5, we confirmed whether

the outward IK1 transient flows during the cardiac APs. To

this end, the membrane voltage was temporally (50 ms)

changed by injecting a depolarizing or a hyperpolarizing

current before eliciting APs. The resulting changes in the

relationship between Vm and the rate of the change in Vm

(dVm/dt) at the repolarization phase of the AP records (the

phase-plane diagram) were analysed. When the AP duration

(APD) was measured at the level of 90 % repolarization

(APD90), the mean value was found to be shorter with a

hyperpolarizing pre-pulse than the control, while it was

longer with a depolarizing pre-pulse (Fig. 5A, bottom).

These observations are in line with the changes in the

flow of the outward IK1 transient caused by using the pre-

pulses (Fig. 3A). The phase-plane diagram at the final

repolarization phase indicated that the _dVm/dt value,

which is equivalent to the net current density that flows

during APs, became distinctly large with a hyperpolarizing

pre-pulse (Fig. 5B, 1) and small with a depolarizing pre-

pulse (Fig. 5B, 0). These changes in the current density were

consistent with the pre-pulse dependence of the outward

IK1 transient (Fig. 3A). The differences in the net outward

currents observed using different pre-pulse conditions are

depicted in Fig. 5C. The maximum amplitude of the

difference current obtained with hyperpolarizing and

depolarizing pre-pulses was about 1.1 A F_1 at around

_45 mV (dotted line). This value was comparable to the

maximum amplitude of the transients observed in the

voltage-clamp experiments at around the corresponding

voltage (Fig. 4B), supporting the view that these changes

are largely attributable to the flow of the outward IK1

transient during the repolarization phase of the actual APs.

The flow of the IK1 transient during the control AP, estimated

from the change induced by using the depolarizing pre-

pulse (continuous line), was about 0.5 A F_1 at _45 mV.

DISCUSSION
In this study, we utilised the amphotericin B perforated-patch

method to measure IK1 in guinea-pig cardiac ventricular

cells in the presence of physiological concentrations of

cytoplasmic multivalent cations including polyamines and

Mg2+. In biological membranes, amphotericin B has been

shown to form pores that pass monovalent ions but

exclude multivalent ions such as Ca2+ and Mg2+ (Kleinberg &

Finkelstein, 1984). Although organic multivalent cations

(polyamines) were not likely to permeate amphotericin B

pores, we tested their ability to do so, since the shortest

diameter of spermine and spermidine molecules (~ 4 Å) is
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Figure 6. Estimation of the steady-state amplitude of IK1 in cardiac ventricular cells
A, estimated density of the outward IK1 in the steady state (continuous line). The amplitudes of the
background Na+ current (INa,b; inward current shown by the dashed line) and the Na+–K+ pump current (INaK;
outward current shown by the dashed line) were subtracted from the average amplitudes of the measured
currents shown in Fig. 2A (shown by the dotted line in this plot). B, voltage dependence of the chord
conductance of the estimated IK1 (continuous line). The chord conductance obtained from the average I–Vm

relationship shown in Fig. 2A is also plotted with a dotted line.



smaller than that of the amphotericin B pores (~ 8 Å; Holz

& Finkelstein, 1970). The inclusion of spermine in the

pipette solution had no obvious effect on IK1 in the

perforated-patch recording, in contrast to the strong

blocking effects observed in the ruptured-patch recording

(data was not shown). We thus considered that polyamines

do not pass through the perforated-patch membrane.

Using the perforated-patch recording, we first obtained

the I–Vm relationship of currents consisting mostly of IK1

(Figs 1 and 2). In measuring the currents, the transient

component of outward IK1 was eliminated by using a

depolarizing pre-pulse to _43 mV (Fig. 3), which was also

employed to inactivate the voltage-dependent Na+ current.

The amplitude of inward currents was measured at their

peak, before the slow inactivation of IK1 proceeded, so as to

evaluate the blockage (inward rectification) of IK1 caused

by cytoplasmic particles. It has been shown that the

inactivation of inward IK1, which occurs at hyperpolarized

voltage levels (Fig. 1A), is mainly caused by the blockage of

KIR channel by external Na+ and divalent cations (Biermans

et al. 1987; Kubo et al. 1993). The recorded currents should

also contain currents other than IK1, such as INaK (Nakao &

Gadsby, 1989) and INa,b (Kiyosue et al. 1993). Although the

amplitudes of these currents are negligible compared to

that of the inward IK1, they contribute to the outward current

flowing in the physiological voltage range. The amplitudes

of INaK and INa,b reconstructed using mathematical models

are shown in Fig. 6A (dashed lines; for the formula

reconstructing INaK and INa,b, see Luo & Rudy, 1994). Since

the steady-state I–Vm relationship of outward IK1 under

physiological cytoplasmic conditions has not yet been

obtained, we attempted to estimate it by subtracting these

reconstructed currents from the measured current (Fig. 6A,

continuous line). Ideally, a selective blocker of IK1 should

be used to isolate IK1. However, such a compound has yet

to be discovered. Although external Ba2+ is often used to

block currents through KIR channels, a high concentration

of Ba2+ is required to suppress the outward current of IK1

(Hirano & Hiraoka, 1988), which also suppresses the cardiac

background conductance in a concentration-dependent

fashion (Ehara et al. 1989). The outward IK1 in the steady

state thus estimated, flowed at voltages more negative than

_20 mV, with the peak amplitude of about 3 A F_1 at

around _60 mV. In Fig. 6B, the chord conductance of the

estimated IK1 is plotted against Vm (continuous line). The

relationship is analogous to the chord conductance of the

measured current (dotted line), since the conductance of

the subtracted currents is negligible compared to that of

the inward IK1. The conductance values at Vrev and _120 mV

(the voltage about 40 mV below Vrev) were about 0.4 and

1.2 mS mF_1, respectively.

When pipette solutions dialysing the intracellular milieu

contained about 1 mM free Mg2+ in the conventional

whole-cell recordings, a repolarization of the membrane

induced a transient increase in outward IK1 in cardiac

ventricular cells. The voltage-dependent behaviour of this

outward IK1 transient could be explained by a substitution

of the polyamine block in place of the Mg2+ block of KIR

channels, using a mathematical model incorporating

competition between these molecules for blocking KIR

(Ishihara & Ehara, 1998). In this study, we demonstrated

that transient outward currents that exhibited pre-pulse

dependence (Figs. 3A, B) and voltage-dependent kinetics

(Fig. 4) similar to the aforementioned IK1 transient were

observed with the aid of perforated-patch recording. The

findings indicated that the gating mechanisms of KIR
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Figure 7. Effects of pre-pulses on the slowly activating and rapidly activating delayed
rectifier currents (IKs and IKr, respectively) during AP repolarization, calculated using a
theoretical model of a mammalian AP
A, effects of pre-pulses on the AP reconstituted using the model calculation. A depolarizing (_2.7 A F_1,
50 ms) or a hyperpolarizing (16 A F_1, 50 ms) current was added before the stimulating current (Istim) was
applied. B, IKs and IKr plotted against Vm during the repolarization phase of the reconstituted APs. The
continuous line, control; dashed line, with a depolarizing pre-pulse; dotted line, with a hyperpolarizing pre-
pulse.



channels deduced from the studies performed under

conditions of internal dialysis are essentially applicable to

the intact cells. The amplitudes of the transients observed

with the aid of the perforated-patch clamp method were

less variable than those recorded by the ruptured-patch

recording (Fig. 4B). Using the latter method, the IK1 transient

was sometimes much more pronounced than that observed

using the perforated-patch method (e.g. Fig. 10 in Ishihara

& Ehara, 1998). We consider that a washout of polyamines,

molecules that compete with Mg2+ to block KIR channels

upon depolarization, might have enhanced the amplitude

of the outward IK1 transient in the conventional whole-cell

recordings, and that the amplitudes of the transients

obtained by the ruptured-patch method in this study

represent those recorded under physiological cytoplasmic

conditions. In contrast, the decay rates of the transients

measured using the two methods were similar. Although

we do not have a clear explanation for this discrepancy, the

amplitude of the transients might be more sensitive to the

changes in the concentration of intracellular blockers than

the rate constants of the current decay.

The amplitude of the IK1 transient flowing at the

repolarization phase of the actual AP was estimated to be

about 0.5 A F_1 at around _45 mV in the experiment

shown in Fig. 5. The current amplitude became small at

voltages more negative than around _50 mV, as we have

demonstrated previously using repolarizing ramp pulses

(Ishihara & Ehara, 1998). This differs from the voltage

dependence of the IK1 transient amplitude measured using

repolarizing step pulses (Fig. 4B). This is because the

transient decays at a fast speed at voltages near the resting

potential (Figs. 4C, D). The amplitude of the outward IK1

transient flowing at the AP repolarization phase should be

affected by variable levels of the resting potential, the AP

plateau potential and the repolarization speed, due to its

unique time and voltage dependences, as we have

demonstrated previously using repolarizing ramps. It

should be noted, however, that the net current density

during the repolarization phase of the control APs was often

significantly larger (e.g. about 7 A S_1 at around _60 mV;

Fig. 5B) than the sum of the amplitudes of the sustained

component of IK1 (Figs 2B and 6A) and the outward IK1

transient (Fig. 4B) obtained in this study. The outward

current of IK1 has been considered to play a major role in

the final phase of the AP repolarization in rabbit cardiac

ventricular cells (Shimoni et al. 1992; Mitcheson & Hancox,

1999). However, the difference may be explained by a

substantial contribution of the slowly and the rapidly

activating types of the delayed-rectifier K+ currents not

only at the initial phase of repolarization, but at the final

repolarization phase in guinea-pig ventricular cells. In the

Luo–Rudy model of a mammalian ventricular AP, the

application of pre-pulses affected significantly neither the

AP duration nor the delayed-rectifier K+ currents (IKs and IKr)

that flow during the repolarization phase of the AP (Fig. 7).

When we performed in many cells the type of experiments

demonstrated in Fig. 5, the size of the effects of pre-pulses

on AP duration were variable. We believe that this was

chiefly because pre-pulses influenced not only the IK1 that

flows during the repolarization phase, but also the currents

that flow during the plateau phase. For example, the

depolarizing pre-pulse, which was kept below _60 mV lest

it should generate an AP, might have activated the delayed-

rectifier K+ currents, and may have inactivated ICa,L, which

provides the major inward current that maintains the

plateau phase, to some extent. Since the net current is

small at the plateau voltages, these changes, if any, could

alter significantly the AP duration in the direction opposite

to that expected from the effect of the outward IK1 transient.

Thus, to understand the role of the dynamics of IK1 and the

influence of the concentrations of cytoplasmic polyamines

and Mg2+ on cardiac APs, it is useful to examine them by

using a mathematical model of cardiac APs incorporating

the time dependence of the outward IK1. We are currently

re-evaluating the blocking kinetics of polyamines and

Mg2+ of KIR channels under physiological conditions in

an attempt to establish a model that will reconstruct the

amplitude and time-dependence of the outward IK1 obtained

in the present study.
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