
Delayed rectifier potassium currents (IK) in the heart play
an important role in the initiation of repolarisation and in
determining the duration of the cardiac action potential. Two
components of IK have been identified in many species: a
rapidly activating current, IKr, and a more slowly activating
current, IKs, and these can be separated by their activation
kinetics and pharmacology (Sanguinetti & Jurkiewicz,
1990). IKr is sensitive to block by methanesulfonanilide class
III antiarrhythmic drugs, such as E4031, and shows marked
inward rectification which is thought to occur through C-type
inactivation (Sch�onherr & Heinemann, 1996; Smith et al.
1996; Spector et al. 1996). In contrast, the slowly activating
component, IKs, is not blocked by methanesulfonanilide drugs
and shows no inactivation. These two currents are carried
through distinct channels which are important targets for

antiarrhythmic drugs and a decrease in IKr caused by class
III drugs is thought to help prevent arrhythmias. However,
excessive block of IKr can be pro-arrhythmic, causing long-
QT syndrome (LQTS), a form of which can also be inherited.
Chromosome 7-linked LQTS has recently been shown to be
caused by mutations in HERG (human ether-`a-go-go-related
gene) (Curran et al. 1995), the gene thought to encode the
human IKr channel (Sanguinetti et al. 1995). Thus a decrease
in IKr magnitude, either by block with drugs or by mutations
in HERG, can increase the risk of arrhythmias and these
findings demonstrate the pivotal role of IKr in the normal
repolarisation of human ventricular myocardium.

Many potassium currents are regulated by neurotransmitters
or hormones and this is important in the regulation of
cardiac function. IKs has been shown to be regulated by
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1. The rapidly activating delayed rectifier potassium current, IKr, was studied in guinea-pig
ventricular myocytes in the presence of thiopentone, which blocks the more slowly activating
component of the delayed rectifier potassium current, IKs, and using whole cell perforated
patch clamp or switched voltage clamp with sharp electrodes to minimise intracellular dialysis.

2. Activation of protein kinase A (PKA) by isoprenaline or forskolin caused an increase in IKr
tail currents. Following a 300 ms depolarising step to +20 mV, mean tail current amplitude
was increased 47 ± 12% by isoprenaline, and 73 ± 13% by forskolin. No increase in IKr was
observed when IKr was studied using whole cell ruptured patch clamp and there was no
change in the reversal potential of IKr in the presence of isoprenaline.

3. The rectification of the current sensitive to E4031, a selective IKr blocker, was markedly
reduced in the presence of isoprenaline and the region of negative slope was absent. This is
consistent with a reduction in the inactivation of IKr and was supported by the finding that
IKr, in the presence of isoprenaline, was somewhat less sensitive to block. E4031 (5 ìÒ)
blocked only 81 ± 5% of IKr in the presence of isoprenaline compared to 100 ± 0% in control.

4. The forskolin- and isoprenaline-induced increases in IKr were inhibited by staurosporine and
by the selective protein kinase C (PKC) inhibitor bisindolylmaleimide I. Direct activation of
PKC by phorbol dibutyrate increased IKr tail currents by 24 ± 5%. Both the isoprenaline-
and forskolin-induced increases in IKr were inhibited when calcium entry was reduced by
block of ICawith nifedipine or when myocytes were pre-incubated in BAPTA-AM.

5. The selective PKA inhibitor KT5720 prevented the isoprenaline-induced increase in IKr
only when the increase in ICawas also suppressed.

6. These data show a novel mechanism of regulation of IKr by PKC and this kinase was
activated by â_adrenoceptor stimulation. IKr seems to be enhanced through a reduction in
the C-type inactivation which underlies the rectification of the channel and such a mechanism
may occur in other channels with this type of inactivation.
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â_adrenoceptor stimulation which leads to PKA activation
and phosphorylation of the channel (Walsh & Kass, 1988).
Activation of PKC also increased IKs (Walsh & Kass, 1991)
and the current can be regulated by calcium even in the
absence of adrenoceptor stimulation (Tohse, 1990). In
contrast, IKr has not been shown to be regulated by
â_adrenoceptor stimulation despite the presence of putative
phosphorylation sites for PKA and PKC on the HERG
channel protein and a region homologous to the cAMP-
binding site of EAG (ether-`a-go-go) channels. Thus, there are
no reports of a regulatory pathway which increases HERG
channel currents or IKr in the heart and thereby increase
this cardiac repolarisation current.

Previous electrophysiological studies of IKr have commonly
used whole cell ruptured patch techniques in which there is
significant dialysis of the myocytes and frequently the intra-
cellular calcium is buffered by calcium chelators or entry is
blocked by calcium channel blockers. In the present study
we used more physiological methods to study the possible
regulation of IKr, namely perforated patch clamp and
switched voltage clamp with sharp electrodes and here we
show that, under these conditions, IKr is substantially
enhanced by activation of PKC and this kinase was activated
by isoprenaline and forskolin, compounds usually expected
to stimulate the kinase A pathway.

METHODS

Isolation of ventricular myocytes

Single ventricular myocytes were isolated daily from the guinea-pig
heart by a technique previously described (Powell et al. 1980).
Briefly, male guinea-pigs (0·5—0·7 kg) were killed by stunning
followed by cervical dislocation, in accordance with Schedule 1 of
the Animals (Scientific Procedures) Act 1986. The heart was rapidly
removed, cannulated at the aorta and perfused with a zero calcium
solution containing (mÒ): NaCl 137, KCl 5, NaHCO× 12, glucose 5,
sodium pyruvate 1, NaHPOÚ 0·4, MgCl 1, NaOH 1, EGTA 0·1,
pH 7·4, gassed with 95% Oµ—5% COµ. After 3 min perfusion this
was replaced with 50 ml of a solution of the same composition with
the exception of the EGTA and to which was added 0·2 mÒ CaClµ
and 40 mg of collagenase (type I, Worthington Biochemicals) and
this was recirculated through the heart for up to 36 min (12 min (g
heart weight)¢). During the perfusion, 3 ² 20 ìl aliquots of CaClµ
(0·1 Ò) were added at intervals to the perfusate. Following
perfusion, the heart was cut down and the atria were removed. The
ventricles were roughly chopped and shaken in a water bath (34°C)
before filtering through a mesh and being allowed to settle. Cells
were stored at room temperature in Dulbecco’s modified Eagle’s
medium (DMEM) (Life Technologies).

Electrophysiology

Ventricular myocytes were allowed to settle on the coverslip base of
the bath before being superfused with a physiological salt solution
containing (mÒ): NaCl 118·5, NaHCO× 14·5, KCl 4·2, KHµPOÚ
1·18, MgSOÚ 1·18, glucose 11·1, CaClµ 2·5; gassed with 95%
Oµ—5% COµ, pH 7·4. All experiments were carried out at 36°C.

IKr was studied in single cells using three methods. Whole cell
perforated patch clamp and switched electrode voltage clamp
(SEVC) with sharp electrodes were used to minimise cell dialysis
and where dialysis was required, conventional whole cell ruptured

patch clamp was used. For perforated patch clamp, pipettes
contained (mÒ): KCl 150, MgClµ 5, Hepes, 3, KµATP 5 (pH 7·2 with
KOH) and amphotericin B (240 ìg ml¢), and had resistances of
2—5 MÙ. Following seal formation, access developed within 2—5 min
and series resistance was compensated up to 80% (Axopatch 200,
Axon Instruments). With the ruptured patch clamp method, similar
pipettes were filled with a solution containing (mÒ): potassium
aspartate 140, NaCl 5, MgClµ 5·5, Hepes 5, KµATP 5, pH 7·2 with
KOH. Sharp electrodes used for SEVC contained 1 Ò KCH×SOÚ and
10 mÒ KCl and had resistances of 30—50 MÙ. Axoclamp 2B was
used for SEVC with a switching frequency of 4—5 kHz.

IKs was blocked in all experiments by the addition of 300 ìÒ
thiopentone to all solutions superfusing the cells (Takahashi &
Terrar, 1995; Heath & Terrar, 1996). IKr was activated by step
depolarisations to a series of potentials (−30 to +40 mV, 10 mV
increments) from a holding potential of −40 mV and measured as
deactivating tail currents at −40 mV or as the E4031-sensitive
current. IKr was also studied using a protocol modified from
Carmeliet (1992) and previously used to separate IKr and IKs (see
Heath & Terrar, 1996), in which a depolarising step to +40 mV was
applied for 600 ms to activate IK and the membrane potential was
then repolarised to −10 mV for 1 s before further repolarisation to
−40 mV. The current deactivating at −10 mV consists
predominantly of IKs and that at −40 mV is IKr. Under the
conditions of these experiments, no deactivating current was
observed at −10 mV consistent with block of IKs by thiopentone.

Drugs

Isoprenaline was dissolved daily in water. The following were
prepared as stock solutions and stored at either 4°C or −20°C as
necessary: E4031 (Eisai, Tokyo, Japan) was dissolved in water,
forskolin, phorbol dibutyrate, BAPTA-AM (Sigma), staurosporine
(Alomone Labs, Israel), bisindolylmaleimide I and KT5720
(Calbiochem) in DMSO and nifedipine (Sigma) in ethanol. The
highest final concentration of DMSO in the superfusate was 0·1%
and ethanol was 0·025%. Thiopentone was dissolved directly into
the physiological salt solution (pH 7·4 with NaOH).

Data analysis

Data were collected using pCLAMP 7 (Axon Instruments) and
plotted using Origin 6.0 (Microcal). Data are means ± s.e.m. The
voltage-dependent activation of IKr was fitted using the Boltzmann
equation and data were analysed using Student’s t test for paired or
unpaired data as appropriate with P < 0·05 taken to indicate
statistical significance.

RESULTS

Effect of isoprenaline and forskolin on IKr

The voltage-dependent activation of IKr studied using SEVC
or perforated patch clamp was similar to that previously
reported in guinea-pig ventricular cells (Sanguinetti &
Jurkiewicz, 1990; Heath & Terrar, 1996) with tail currents
reaching a peak amplitude at about +20 mV. Activation of
the PKA pathway by isoprenaline to stimulate â_adreno-
ceptors, or by forskolin to directly activate adenylyl cyclase,
resulted in a marked increase in IKr tail currents and the
mean data are shown in Fig. 1A—D. The forskolin-induced
enhancement of IKr was compared using SEVC and
perforated patch clamp techniques. IKr activated by a
300 ms step depolarisation to +20 mV was increased in the
presence of 5 ìÒ forskolin by 73 ± 13% (n = 7, P < 0·05,
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Fig. 1A) when using SEVC and by 59 ± 14% (n = 5,
P < 0·05, Fig. 1B) with perforated patch clamp and these
effects with the two different methods were not significantly
different (n = 5 and 7; P > 0·05).

Isoprenaline also caused a substantial increase in IKr when
studied with both SEVC and perforated patch clamp
techniques. Following a 300 ms step to +20 mV, isoprenaline

(10 nÒ) increased IKr from 135 ± 13 pA (n = 10) in control
to 199 ± 17 pA (n = 10, P < 0·05, SEVC), an increase of
47 ± 12% (Fig. 1C). This effect was no greater when
100 nÒ isoprenaline was applied, which caused a 45 ± 18%
(n = 5; P < 0·05; perforated patch clamp) increase in IKr at
+20 mV (Fig. 1D). Figure 1E shows the effect of 10 nÒ
isoprenaline on IKr studied using the conventional whole cell
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Figure 1. The effect of forskolin and isoprenaline on IKr using SEVC or perforated patch clamp

All experiments were carried out in the continuous presence of 300 ìÒ thiopentone and in A—E, IKr was activated
by 300 ms step depolarisations to the voltages indicated. A and B: mean IKr tail current amplitudes in control and
after exposure to forskolin (5 ìÒ) using SEVC (A) and perforated patch clamp (B). C and D: effect of isoprenaline (10
and 100 nÒ) on IKr tail current amplitude recorded using SEVC (C) or perforated patch clamp (D). E, mean IKr tail
current amplitudes in control and in the presence of 10 nÒ isoprenaline recorded using the ‘ruptured’ whole cell
patch clamp method. F, current records (SEVC) showing in control (middle trace) the absence of IKs (no tail current
deactivating at −10 mV) and the presence of IKr (tail current deactivating at −40 mV). The top trace shows the
effect of 10 nÒ isoprenaline, which increased IKr, and this current was reduced by 5 ìÒ E4031 (bottom trace).
Calibration bars are 200 pA and 500 ms.



‘ruptured’ patch method and under these conditions there
was no increase in IKr (n = 4). Similar results were obtained
when IKr was activated using 1 s depolarising pulses and
some of these data are shown later. All the following
experiments were carried out using SEVC unless otherwise
indicated.

Using the second pulse protocol in which a depolarising step
to +40 mV was applied for 600 ms to activate IK and the
membrane potential was then repolarised to −10 mV for 1 s
before further repolarisation to −40 mV (see Methods), the
effect of isoprenaline on IKr was also studied. The current
deactivating at −10 mV consists predominantly of IKs and
that at −40 mV is IKr. However, in these experiments, there
was no current deactivating at −10 mV, consistent with
complete block of IKs by thiopentone, and at −40 mV the
deactivating tail current consisted entirely of IKr (Fig. 1F,
middle trace). In the presence of 10 nÒ isoprenaline, the tail
current deactivating at −40 mV (IKr) was markedly increased
and there was still no tail current observed at −10 mV,
consistent with the continued block of IKs. Following the
addition of 5 ìÒ E4031, a selective blocker of IKr, the
current deactivating at −40 mV was reduced (Fig. 1F).

A Boltzmann equation was fitted to the voltage-dependent
activation of IKr tail currents and in the presence of
isoprenaline and forskolin there was a small shift in V½ to a
more negative potential and change in the slope. In control,
V½ was −17 ± 1 mV and the slope was 6 ± 0·3 mV, and in
the presence of isoprenaline V½ was shifted to −22 ± 1 mV
and the slope was 7 ± 0·6 mV (n = 10; P < 0·05; Fig. 2B).
Similarly, exposure to 5 ìÒ forskolin shifted V½ of IKr from
−12·5 ± 2 mV in control to −22·6 ± 4 mV and changed the
slope from 5·9 ± 1 mV in control to 7·5 ± 1 mV (n = 8,
P < 0·05; Fig. 2A).

Mechanism of IKr enhancement by isoprenaline and

forskolin

IKr was also studied as the current sensitive to block by
E4031 in order to isolate the current during the depolarising
pulse (time-dependent pulse current) from other currents in

the cardiac myocytes such as calcium and chloride currents
or Na¤—Ca¥ exchange current (see Heath & Terrar, 1996).
Previous studies have shown that 5 ìÒ E4031 completely
blocks IKr in guinea-pig ventricular myocytes (Sanguinetti
& Jurkiewicz, 1990) and this concentration was used here to
compare the IKr current in control conditions and after
enhancement by activation of the PKA pathway by
isoprenaline (10 nÒ). Figure 3A shows the E4031-sensitive
currents obtained by subtraction in the absence and presence
of 10 nÒ isoprenaline. These currents are averages of the
drug-sensitive current from four or seven cells and in
control, the current displays the characteristic inactivation
during the depolarising step, which is most prominent
during steps to the most positive potentials. In contrast, in
the presence of isoprenaline, the current during the pulse
shows no such inactivation and is increased in amplitude.
The mean data in Fig. 3B show the current—voltage curve
for the time-dependent E4031-sensitive current measured at
the end of 1 s depolarising steps which in control showed
typical rectification with a region of negative slope at
potentials positive to approximately 0 mV. However, in the
presence of 10 nÒ isoprenaline, there was no negative slope
in the current—voltage curve and instead the current was
found to continue increasing at positive potentials without
reaching a maximum. Therefore it seems that in the presence
of isoprenaline, IKr showed less rectification and this is
consistent with a reduction in the inactivation of IKr.

As described above, 5 ìÒ E4031 was used to confirm that the
current enhanced by isoprenaline and forskolin was indeed
IKr and also to study the drug-sensitive currents. In the
absence of kinase activation, 5 ìÒ E4031 completely
suppressed IKr at all potentials (100 ± 0%, n = 8), but in the
presence of isoprenaline, the increased IKr tail currents were
reduced by only 81 ± 5% at +20 mV (n = 8; Fig. 3C). The
remaining current in the presence of E4031 was thought to
be residual IKr and not IKs since, as shown in Fig. 1F, there
was no current deactivating at −10 mV following a step to
+40 mV, which would be expected if IKs were present, and
previous work has shown that thiopentone is effective at
blocking IKs (Heath & Terrar, 1996). Instead it seems
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Figure 2. The effect of forskolin and isoprenaline on the voltage-dependent activation of IKr tail currents

Data were recorded using SEVC and were fitted with Boltzmann equations. A, effect of forskolin (5 ìÒ) on IKr
activation (n = 8). B, effect of isoprenaline on IKr activation (n = 10).



possible that the IKr channels modified by isoprenaline and
forskolin are somewhat less sensitive to block by E4031.

Since kinase activation also enhances IKs and we are relying
on thiopentone to completely suppress IKs under these
conditions, we compared the extent of block of IKs by
thiopentone in the absence and presence of forskolin. We
have previously shown that thiopentone at a concentration of
100 ìÒ completely suppressed IKs in guinea-pig ventricular
cells, with no detectable effect on IKr. When total IK tail
current amplitude was studied (without blocking IKr) the
amplitude of the tail current activated by a 400 ms step to
+40 mV was 667 ± 122 pA (n = 6) and this was reduced by
57 ± 7% by 100 ìÒ thiopentone. The remaining current
had the characteristics of IKr (e.g. see Fig. 1F in Heath &
Terrar, 1996). In a separate set of experiments in the
presence of 1 ìÒ forskolin, the amplitude of the total IK tail
current was 1407 ± 197 pA (n = 3) and under these
conditions 100 ìÒ thiopentone reduced the current by
62 ± 6% (current activated by 400 ms depolarisation to
+40 mV from a holding potential of −40 mV using SEVC;
data not shown). Therefore it seems likely that the blocking
effect of thiopentone was not substantially affected by the
enhancement of IKs by forskolin. In the experiments

presented here we used thiopentone at a concentration three
times that which we have previously shown to completely
block IKs to try to ensure maximum block of the current.

The effect of isoprenaline on the reversal potential of IKr
was also studied using E4031 to isolate the current. E4031-
sensitive tail currents were measured at test potentials in
the range −40 to −100 mV following a 300 ms pre-pulse to
+20 mV to activate IKr. The E4031-sensitive current was
measured in two separate groups of cells, one in control
conditions (n = 4) and one in the presence of 10 nÒ
isoprenaline (n = 4). IKr reversal potential was found to be
the same in the absence and presence of 10 nÒ isoprenaline.
In control conditions, the reversal potential was −81·3 ±
3 mV and in isoprenaline, −80·6 ± 3 mV (P > 0·05).

Intracellular pathway for isoprenaline- and forskolin-

induced enhancement of IKr

To investigate the intracellular pathway underlying the
observed enhancement of IKr described above, the effect of
inhibitors of PKA and PKC were tested. Firstly, the effect
of staurosporine, a non-selective kinase inhibitor, was tested
and when this was applied to the cells prior to exposure to
forskolin, it caused a decrease in IKr tail currents. In
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Figure 3. Isoprenaline reduces the rectification of IKr

A, E4031-sensitive current (5 ìÒ E4031 throughout) obtained by subtraction in control conditions (left) showing the
typical rectification of IKr, particularly at positive potentials, and in the presence of 10 nÒ isoprenaline (right)
showing the reduction in rectification and the increase in current amplitude. Currents were activated by 1 s step
depolarisations to the voltage indicated on the left. B, the effect of 10 nÒ isoprenaline on the E4031-sensitive time-
dependent pulse current activated during the depolarising steps (n = 4 or 7) again showing the reduction in
rectification of the current. C, tail current amplitudes in control, after 10 nÒ isoprenaline and in the presence of
isoprenaline and E4031, which failed to completely suppress the current (n = 8).



control, the mean IKr tail current activated by a 300 ms
step to +20 mV was 144 ± 27 pA and this was reduced to
75 ± 23 pA following 3 min exposure to 3 ìÒ staurosporine
(n = 4; P < 0·05; Fig. 4A). The subsequent addition of 5 ìÒ
forskolin did not result in an increase in IKr tails. In fact
there was a trend for a further decrease and the mean IKr
tail current in forskolin and staurosporine was 35 ± 10 pA,
but this further reduction was not statistically significant at
all potentials (at +20 mV P > 0·05; n = 4; Fig. 4A).

These data are consistent with a role for kinases in the
isoprenaline- and forskolin-induced enhancement of IKr and
to investigate this further we tested the effect of selective
inhibitors of PKA and PKC. We found that both the
forskolin- and isoprenaline-induced increases in IKr were
completely inhibited by the selective PKC inhibitor
bisindolylmaleimide I (100 nÒ). Exposure to forskolin in the
presence of bisindolylmaleimide I resulted in no change in IKr
at any potential (Fig. 4Ab), and exposure to isoprenaline in
the presence of bisindolylmaleimide I actually resulted in a
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Figure 4. The role of protein kinases in the forskolin- and isoprenaline-induced increase in IKr

Aa, effect of 3 ìÒ staurosporine on IKr tail current amplitude and the effect of forskolin (5 ìÒ) in the continued
presence of staurosporine (n = 4). The protein kinase C inhibitor bisindolylmaleimide I (100 nÒ) completely
inhibited the increase in IKr induced by forskolin (Ab) and isoprenaline (Ac). Ad, phorbol dibutyrate (100 nÒ)
increased IKr tail current amplitude. B, the effect of isoprenaline on IKr (upper traces) and ICa (lower traces) in the
presence of bisindolylmaleimide I (100 nÒ). IKr and ICa in B were recorded from the same cells and the arrows
indicate 100 pA above zero current in the upper figures and zero current in the lower figures. *P < 0·05.



decrease of 28 ± 3% in IKr (+20 mV step, n = 3, P < 0·05;
Fig. 4Ac). Under these conditions, the increase in calcium
current induced by isoprenaline was maintained and typical
calcium currents are shown in Fig. 4B (lower panel) together
with IKr tail currents recorded from the same cells (upper
panel). These findings are consistent with an essential role
for the activation of PKC in the observed enhancement of
IKr and to investigate this further, cells were exposed to
phorbol dibutyrate (PDBu) to directly activate PKC. In the
presence of 100 nÒ PDBu, IKr tail currents were increased
by 24 ± 5% (300 ms depolarisation to +20 mV; n = 8,
P < 0·05) and the mean data are shown in Fig. 4Ad.

The current traces in Fig. 4B (upper panel) also show that
although there was no increase in IKr tail currents when
isoprenaline was applied in the presence of the PKC inhibitor,
there was an increase in outward current recorded during
the depolarisation (Fig. 4B, upper panel). It is known that
PKA activates and increases other currents in the heart
such as chloride current and Na¤—Ca¥ exchange current
(Harvey & Hume, 1989; Perchenet et al. 1998) and a similar
effect was seen in experiments described later and shown in
Fig. 7. These currents were not blocked in our experiments
and therefore were expected to contribute to current during
the depolarisation but not to the tail currents or the E4031-
sensitive currents.

Although the effect of isoprenaline and forskolin to enhance
IKr was completely prevented by the PKC inhibitor
bisindolylmaleimide I, we also investigated the possible role
of PKA, which is expected to be activated by isoprenaline
and forskolin, using the selective PKA inhibitor KT5720. At
300 nÒ, KT5720 did not prevent the increase in IKr induced
by 10 nÒ isoprenaline. In the presence of isoprenaline and
KT5720, IKr tail currents following a 300 ms step to
+20 mV were increased from 129 ± 21 pA to 206 ± 42 pA,
an increase of 58 ± 11% (n = 4, P < 0·05). However, at
300 nÒ, KT5720 also failed to inhibit the isoprenaline-
induced increase in the L-type calcium current (ICa) which
accompanied the increase in IKr, consistent with incomplete
inhibition of PKA. In the presence of 10 nÒ isoprenaline

alone, peak ICa activated by a step to 0 mV was increased
by 196 ± 26% (n = 8) and this was not significantly
different from the increase of 155 ± 30% recorded in the
presence of 300 nÒ KT5720 (n = 4; P > 0·05). Therefore we
used 1 ìÒ KT5720, at which concentration both the increases
in ICa and IKr induced by isoprenaline were inhibited. In
control, the mean IKr tail current amplitude following a step
to +20 mV was 121 ± 15 pA, and in the presence of 10 nÒ
isoprenaline and KT5720 this was unchanged at 142 ±
10 pA (n = 4, P > 0·05). In the same cells the peak ICa
recorded during a step to 0 mV was −881 ± 378 pA in
control, and in the presence of isoprenaline and KT5720 ICa
at 0 mV was −1162 ± 400 pA (n = 4; P > 0·05). These data
are summarised in Fig. 5.

The data presented above show that forskolin and
isoprenaline are capable of activating both PKA and PKC in
ventricular myocytes. PKC is usually thought to be activated
by diacylglycerol and, with some forms of the enzyme, by
calcium. Therefore we investigated the mechanism by which
PKC activation may occur and one possibility is that PKC
was activated simply through an increase in intracellular
calcium as a result of the PKA-mediated increase in L-type
ICa. This was tested using nifedipine to inhibit L-type ICa
and BAPTA to chelate intracellular calcium.

In separate sets of experiments, both forskolin- and
isoprenaline-induced increases in IKr were inhibited when
the drugs were applied in the continuous presence of
nifedipine to block ICa. When cells were exposed to 5 ìÒ
forskolin in the presence of 0·2 ìÒ nifedipine there was no
significant increase in IKr (n = 3, P > 0·05, data not shown)
and similarly, in the continuous presence of 5 ìÒ nifedipine,
10 nÒ isoprenaline failed to increase IKr (Fig. 6Ba). The
E4031-sensitive current in control and in the presence of
both nifedipine and isoprenaline is compared in Fig. 6A.
This shows that there was no change in the rectification of
IKr with isoprenaline when nifedipine was present and this
contrasts with the currents shown in Fig. 3A. Although the
current during the depolarising steps in the presence of
nifedipine and isoprenaline shows no reduction in
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Figure 5. Effect of isoprenaline on IKr and ICa in the presence of PKA inhibition

A, mean IKr tail current amplitudes in control and in the presence of 10 nÒ isoprenaline and 1 ìÒ KT5720 (n = 4).
B, mean peak ICa amplitudes in control and in the presence of 10 nÒ isoprenaline and 1 ìÒ KT5720 (n = 4).



inactivation, the time course is slightly different compared
to the control and there may still be some regulation of IKr
occurring under these conditions, but without an increase in
the current. The mean data showing no change in tail current
amplitude are shown in Fig. 6Ba.

Exposure to 5 ìÒ forskolin in the presence of 5 ìÒ
nifedipine not only inhibited the increase in IKr, but caused
a decrease in tail current amplitude. IKr tails deactivating
following a 300 ms step to +20 mV were decreased by 50 ±
9% (P < 0·05, n = 3) by forskolin under these conditions of
complete L-type calcium channel block (Fig. 6Bb).

The effect of inhibition of calcium entry on the effect of
PDBu to enhance IKr was also tested. In the presence of 5 ìÒ
nifedipine, PDBu (100 nÒ) failed to increase IKr (Fig. 6Bc)
and this is consistent with the essential requirement for an
increase in cytosolic calcium in the activation of the PKC
enzyme involved in the forskolin- and isoprenaline-mediated
enhancement of IKr.

The role of intracellular calcium was further investigated
using the membrane-permeant (acetoxymethyl ester) form

of the calcium chelator BAPTA, BAPTA-AM. Ventricular
myocytes were incubated in 10 ìÒ BAPTA-AM for at least
2 h prior to experiments and were then superfused with a
solution containing the same concentration of BAPTA-AM.
Following the incubation in BAPTA-AM, IKr currents were
found to be significantly smaller in amplitude compared to
cells not exposed to BAPTA-AM (P < 0·05, n = 5—10,
unpaired t test; Fig. 7A). Subsequent exposure of these cells
to 10 nÒ isoprenaline resulted in only a small increase in
IKr which was statistically significant at only −10 and 0 mV.
These data are summarised in Fig. 7B, which also shows
the effect of isoprenaline in the absence of BAPTA for
comparison (same data as shown in Fig. 1C). Figure 7C
shows the effect of isoprenaline on a typical IKr tail current
in the continuous presence of BAPTA and it is clear that
there was little change in tail current amplitude. Under the
conditions of these experiments, the enhancement of ICa by
isoprenaline was maintained. Figure 7D shows the calcium
current recorded from the same cell as the tail currents
shown in panel C and shows the increase in ICa in the
presence of isoprenaline and BAPTA.
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Figure 6. The effect of isoprenaline on IKr in the presence of ICa block by nifedipine

A, E4031-sensitive currents (5 ìÒ) in control conditions (left, same data as Fig. 3A) and in the presence of 10 nÒ
isoprenaline and 5 ìÒ nifedipine. Currents were activated by 1 s step depolarisations to the voltage indicated on the
left. B, the effect of 10 nÒ isoprenaline (a), 5 ìÒ forskolin (b) and 100 nÒ PDBu (c) on IKr in the presence of 5 ìÒ
nifedipine. *P < 0·05.



DISCUSSION

The results of this study demonstrate a novel pathway by
which PKC in ventricular myocytes is activated and one
consequence of this is a substantial enhancement of IKr
through a reduction in C-type inactivation.

The regulation of IKr causing increased current has not
been shown before and it is clear that the experimental
conditions are an important factor in demonstrating this
regulation. Previous work on IKr in native cells has used
more conventional ruptured patch clamp methods which
allow dialysis of the cells and which probably lead to the
washing out of important signalling molecules such as
cAMP or protein kinase enzymes. Also, many studies
using this technique dialyse the inside of the cell with
calcium buffers which, in the light of the experiments with
BAPTA presented here, might also suppress the
enhancement of IKr. Another common feature of previous
studies on IKr is the presence of calcium channel blockers to
suppress L-type calcium current, and this was also shown
here to inhibit the isoprenaline- and forskolin-induced
enhancement of IKr. Therefore, it seems likely that the
regulation of IKr which leads to an increase in the current

may only be observed by using more physiological methods
to study the current.

The enhancement of IKr described in this report was also
not observed when the current was studied following
HERG channel expression in Xenopus oocytes (Sanguinetti
et al. 1995) and two recent studies found PKA activation to
cause a decrease in HERG channel currents studied in
oocytes (Barros et al. 1998; Kiehn et al. 1998). It is therefore
possible that expression in the oocyte somehow inhibits
this regulatory pathway. For example, perhaps the oocyte
does not have the protein kinase required for HERG
phosphorylation or perhaps an increase in intracellular
calcium, which we have shown to be required for the
activation of PKC, is also required in the oocyte for
the enhancement of HERG currents. Alternatively, since
the identification of additional channel subunits which
associate with HERG, the minK-related peptides (Abbott et
al. 1999), it is likely that HERG channels alone do not fully
reconstitute native IKr and such additional subunits maybe
necessary for the regulation of the channel.

Kiehn et al. (1998) also reported that IKr was decreased by
PKA in guinea-pig ventricular cells. These experiments on
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Figure 7. Effect of BAPTA on IKr in the absence and presence of isoprenaline

A, comparison of the mean IKr tail current amplitudes in control and in myocytes pre-incubated in BAPTA-AM
(10 ìÒ). B, effect of 10 nÒ isoprenaline on IKr in cells pre-incubated in BAPTA-AM plotted with data from cells not
exposed to BAPTA (control data from Fig. 1C). C and D: typical currents showing the effect of 10 nÒ isoprenaline in
the continuous presence of BAPTA on IKr (C) and ICa (D). These currents were recorded from the same cell. Arrow
indicates 100 pA above zero current level (C) and zero level in D. *P < 0·05.



guinea-pig ventricular cells were carried out using whole cell
ruptured patch clamp with EGTA to buffer intracellular
calcium and 10 ìÒ nisoldipine to block the calcium current.
Therefore it seems likely that this effect, at least in the
guinea-pig ventricular cells, was due to the inhibition of
PKC activation by the experimental conditions and is
similar to the decreases in IKr we observed when we used
nifedipine to inhibit ICa (Fig. 6Bb) or when PKC was
inhibited by bisindolylmaleimide (Fig. 4Ac). Therefore it
seems possible that in cardiac cells there are kinase processes
which may regulate IKr to both enhance and decrease the
current. However, it seems most likely that â_adrenoceptor
stimulation, under physiological conditions, would result in
an enhancement of IKr.

It is also possible that even in the absence of kinase
activation there is some regulation of IKr in guinea-pig
ventricular myocytes since we found that IKr was reduced
by staurosporine before exposure to isoprenaline and in cells
incubated in BAPTA-AM, the IKr amplitude was significantly
smaller than the current recorded from cells not exposed to
BAPTA. The exact mechanism of this regulation remains for
future study.

The second important finding presented here is the
mechanism by which IKr was enhanced by kinase activation.
Analysis of the E4031-sensitive currents showed that the
typical rectification of the current observed in control
conditions was substantially reduced in the presence of
isoprenaline and this is likely to have led to the increase in
IKr. One interpretation of this reduction in rectification is
that isoprenaline caused a decrease in C-type inactivation of
the channel. Further support for this comes from the finding
that the enhanced current in the presence of forskolin or
isoprenaline was less sensitive to block by E4031, a feature
which is also consistent with an alteration in C-type
inactivation. Previous studies have shown that the class III
methanesulfonanilide drugs may interact with the C-type
inactivation process (Kiehn et al. 1996; Snyders & Chaudhary,
1996) and studies on mutant HERG channels in which
inactivation has been removed have found that these IKr
currents were also much less sensitive to block by class III
methanesulfonanilide drugs (Wang et al. 1997; Ficker et al.
1998). For example, in the work of Wang et al., mutation of
two amino acids (S631C and G628C) in the HERG channel
resulted in the removal of inactivation. The currents
recorded from these mutant channels following expression
in Xenopus oocytes had similar characteristics to those
shown here as E4031-sensitive currents in the presence of
isoprenaline (Fig. 3A) and were also much less sensitive to
block by E4031. Therefore it seems possible that the
observed change in rectification and drug sensitivity of IKr
in the guinea-pig ventricular cells occurs through a
reduction in C-type inactivation.

Since isoprenaline and forskolin activate the PKA pathway,
we expected to find that this pathway was regulating IKr
through either a direct effect of cAMP or through activation
of PKA. Consistent with a role for kinases in the

enhancement of IKr, the effect of forskolin was inhibited by
staurosporine, a non-selective kinase inhibitor. Surprisingly,
however, both the forskolin- and isoprenaline-induced
enhancement of IKr was completely inhibited by a selective
inhibitor of PKC. This implies that the PKA pathway, both
linked to â_adrenoceptors and downstream of the receptors,
can also lead to activation of PKC in these cells. It is
conceivable that isoprenaline may also have an effect on
á_adrenoceptors which, although only present in a low
density in the ventricle (Hescheler et al. 1988), are known to
be linked to PKC activation. However, the results obtained
with forskolin, which by-passes the receptor to directly
activate adenylyl cyclase, were not significantly different
from those obtained with isoprenaline and therefore this
possibility seems unlikely.

Further evidence to support a role for PKC in this
regulation of IKr was obtained in experiments using PDBu
to activate PKC directly and in experiments in which
increases in intracellular calcium were limited through
either block of ICa or buffering of intracellular calcium by
BAPTA. Exposure to PDBu enhanced IKr, but not to the
same extent as isoprenaline or forskolin. One possible reason
for this is that there was no accompanying increase in ICa in
the myocytes when PDBu was applied and an increase in
intracellular Ca¥ is usually required for the translocation of
PKC enzymes from the cytosol to the membrane where the
activation process is completed. Therefore, the effect of
PDBu may reflect the activation of only those PKC enzymes
already located close to the cell membrane. Also, there are
many isoforms of PKC and we cannot be sure that PDBu
activates the same enzymes as those that seem to be
activated by isoprenaline and forskolin.

The mechanism by which PKC is activated by isoprenaline
and forskolin is not clear, but the experiments with nifedipine
and BAPTA show that an increase in intracellular calcium
was essential. The simplest interpretation of this is that
following activation of PKA by isoprenaline and forskolin,
phosphorylation of L-type Ca¥ channels leads to an increase
in intracellular calcium concentration. Such an increase in
calcium may then, on its own, lead to the activation of
calcium-sensitive PKC enzymes, even in the absence of the
production of phospholipid derivatives such as diacylglycerol.

PKC mediates its cellular effects through phosphorylation of
target proteins and has been shown previously to
phosphorylate a variety of ion channels, thus altering their
properties. For example, a recent study has shown that PKC
phosphorylation of Kv3.4 channels reduced the N-type
inactivation and it was thought that the negative charge of
the phosphoserines was important in this process (Beck et
al. 1998). C-type inactivation, such as that displayed by the
IKr channel, is somewhat different from N-type inactivation
and it is thought that the process involves a structural
change in the external mouth of the pore (Lui et al. 1996).
The amino acid mutations mentioned earlier which remove
inactivation in HERG channels are both located in the outer
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mouth of the pore (Sch�onherr & Heinemann, 1996; Smith et
al. 1996) and therefore, the data presented here are
consistent with phosphorylation of either the channel,
which has multiple putative PKC phosphorylation sites, or
phosphorylation of a related subunit, and this influences the
C-type inactivation process of IKr.

The evidence presented here for the regulation of IKr
inactivation by phosphorylation also has implications for
understanding the mechanism of C-type inactivation in
general. As mentioned above, many studies have shown that
C-type inactivation involved the closure of the external
mouth of the pore and it is mutations in this area, such as
the HERG-S631A mutation (Sch�onherr & Heinemann, 1996;
Smith et al. 1996), which have been shown to influence this
process. However, there is increasing evidence for the
involvement of sites on the intracellular side of the channel.
For example, as described above, the removal of C_type
inactivation in HERG channels reduces the sensitivity of
the channel to block by E4031, suggesting that E4031
interacts with sites involved in this process. However, it is
likely that the class III methanesulfonanilide drugs such as
E4031, dofetilide and MK-499 block IKr or HERG channels
from the inside of the cell. With E4031, evidence for block
of IKr channels from the inside of the cells was provided by
experiments on rabbit ventricular myocytes in which block
of single channel currents was observed with cell-attached
recordings (Veldkamp et al. 1993). This is consistent with
there being intracellular sites on the channel involved in
C_type inactivation in addition to those already identified
on extracellular parts of the channels. The findings presented
here add further support to this theory since we have shown
that phosphorylation of IKr or a related channel subunit can
also alter C-type inactivation and such phosphorylation can
only occur intracellularly.

Isoprenaline and forskolin may also change the activation of
IKr since we observed a negative shift in the voltage-
dependence of activation of about 5 mV and change in the
slope and this may contribute to the effect of isoprenaline and
forskolin to enhance IKr. This shift in activation is similar to
the enhancement of IKs by PKA in guinea-pig ventricular
cells (Walsh & Kass, 1991). In our experiments, we found
that inhibition of PKA with KT5720 also reduced the
isoprenaline-induced increase in IKr, but this only occurred
when the increase in ICa was also suppressed. Whilst it is
possible that PKA was only significantly suppressed when
the isoprenaline-induced increase in ICa was also inhibited,
it is also possible that it was the suppression of the increase
in ICa which prevented the isoprenaline-induced increase in
IKr, as shown by the experiments with nifedipine and
BAPTA, rather than the inhibition of PKA itself. Because
of the dependence of the response to isoprenaline on an
increase in ICa, it is impossible to distinguish between these
two possibilities based on the experiments with KT5720.
However, since we were able to completely suppress the
isoprenaline- and forskolin-induced increase in IKr with a
selective inhibitor of PKC, it seems likely that the major

part of this effect is mediated directly through this protein
kinase rather than PKA.

The physiological consequences of an increase in IKr
following â_adrenoceptor stimulation are also of great
interest. During â_adrenoceptor stimulation, changes in the
action potential duration (APD) depend on the balance
between the increase in inward current such as L-type
calcium current and the opposing increase in outward current
such as IKs and now also IKr. The data presented here show
that IKr was increased with relatively low concentrations of
isoprenaline consistent with this regulation of IKr occurring
physiologically in the heart. One might expect the increased
IKr to contribute more current during the plateau of the
action potential since there will be less rectification at
positive potentials and functionally this may contribute to
any shortening of the APD. In support of this, one recent
study has been carried out on the mutant HERG channel
which has reduced inactivation, the HERG-S631A channel,
expressed in cultured cells. Hancox et al. (1998b) measured
HERG-S631A currents during action potential clamp
experiments and found that the voltage and time dependence
of HERG-S631A current with reduced inactivation was
markedly different to wild-type channel currents (Hancox et
al. 1998a). HERG-S631A currents developed much earlier
during the action potential and reached a maximum
amplitude at much more positive potentials. Therefore it
seems likely that â_adrenoceptor stimulation in the heart
will result in dramatic changes in the characteristics of IKr
and consequently contribute to changes in the APD.

We have also shown that IKr enhanced by â_adrenoceptor
stimulation is less sensitive to block by E4031 and one would
expect the effect of the class III methanesulfonanilide drugs
to be reduced under these conditions. Such an effect has
already been described for the mutant HERG channels with
reduced inactivation which were found to have a reduced
sensitivity to E4031 and dofetilide (Wang et al. 1997; Ficker
et al. 1998). More interestingly, a reduced effect of E4031 to
prolong APD in the presence of isoprenaline was shown in
1991 by Sanguinetti et al. and this was attributed to an
increase in drug-insensitive current such as IKs. In view of
the data presented here, it seems likely that the reduced
sensitivity of IKr to E4031 will also contribute to this effect.

The process of C-type inactivation has also been linked to
channel selectivity and a recent study has shown that C_type
inactivation greatly reduces the permeability of K¤ relative
to Na¤ through C-type inactivated Shaker channels, altering
the ion selectivity (Starkus et al. 1997). Therefore, since we
found that PKC phosphorylation reduced the C_type
inactivation of IKr, we also measured the reversal potential of
the current to see if there were any changes in the channel
selectivity. However, we found no difference in the reversal
potential of the E4031-sensitive current in the absence and
presence of isoprenaline, which is consistent with there
being no change in channel selectivity. Therefore it seems that
regulation of C-type inactivation of IKr by phosphorylation
does not involve changes in channel selectivity. In addition,
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the similarity of the reversal potential of the E4031-
sensitive current in the absence and presence of isoprenaline
is also consistent with the block by E4031 of only IKr.

In conclusion, these data show a novel mechanism of
activation of PKC by elevation of cytosolic calcium following
stimulation of â_adrenoceptors in cardiac cells and this
causes an increase in IKr. The main mechanism by which IKr
is modulated by PKC appears to be through an alteration in
the C-type inactivation which underlies the rectification of
the channel. This modulation implies a role for intracellular
sites which are susceptible to phosphorylation in the process
of inactivation and a similar mechanism may occur in other
channels with this type of inactivation.
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