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Abstract

Aim: Hypokalaemia is associated with a lethal form of ventricular tachy-
cardia (VT), torsade de pointes, through pathophysiological mechanisms
requiring clarification.

Methods: Left ventricular endocardial and epicardial monophasic action
potentials were compared in isolated mouse hearts paced from the right
ventricular epicardium perfused with hypokalaemic (3 and 4 mm [K*],)
solutions. Corresponding K* currents were compared in whole-cell patch-
clamped epicardial and endocardial myocytes.

Results: Hypokalaemia prolonged epicardial action potential durations
(APD) from mean APDggs of 37.2 = 1.7 ms (n = 7) to 58.4 = 4.1 ms (n =
7) and 66.7 £2.1ms (n=11) at 5.2, 4 and 3 mm [K"], respectively.
Endocardial APDggs correspondingly increased from 51.6 + 1.9 ms (n = 7)
to 62.8 + 2.8 ms (n = 7) and 62.9 + 5.9 ms (n = 11) giving reductions in
endocardial-epicardial differences, AAPDgg, from 14.4 + 2.6 to 4.4 + 5.0
and —3.4 + 6.0 ms respectively. Early afterdepolarizations (EADs) occurred
in epicardia in three of seven spontaneously beating hearts at 4 mm [K*],
with triggered beats followed by episodes of non-sustained VT in nine of 11
preparations at 3 mM. Programmed electrical stimulation never induced
arrhythmic events in preparations perfused with normokalemic solutions yet
induced VT in two of seven and nine of 11 preparations at 4 and 3 mm [K*],
respectively. Early outward K* current correspondingly fell from
73.46 + 8.45 to 61.16+6.14 pA/pF in isolated epicardial but not endocar-
dial myocytes (n = 9) (3 mm [K*],).

Conclusions: Hypokalaemic mouse hearts recapitulate the clinical
arrhythmogenic phenotype, demonstrating EADs and triggered beats that
might initiate VT on the one hand and reduced transmural dispersion of
repolarization reflected in AAPDoq suggesting arrhythmogenic substrate on
the other.
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Cardiac K* channels govern a range of important regulated by a variety of K* channel currents that

physiological functions that include heart rate and include the transient outward current, I, the rapidly
action potential (AP) waveform and duration (Tamargo activating delayed rectifier current, Iy, and the
et al. 2004). In particular, cardiac AP repolarization is inwardly rectifying current, Ix;. Reductions in outward
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K* channel currents have been associated with impaired
repolarization with a consequent increase in AP dur-
ation and a prolonged surface electrocardiographic QT
interval (Choy et al. 1997).

Both
K* ([K*],) have been associated with potentially life-
threatening arrhythmias (Curtis ef al. 1993). At the
cellular level, low [K*], has been shown to reduce K*
currents and enhance the potency of agents that block
K* channels (Sanguinetti & Jurkiewicz 1992, Yang &
Roden 1996). Hypokalaemia is a recognized risk

increases and decreases in extracellular

factor alongside bradycardia for the development of
torsade de pointes (TdP), a life-threatening form of
ventricular tachycardia (VT), in which the QRS
complexes appear to twist about the isoelectric line
(Antzelevitch et al. 1996, Berthet et al. 1999, He &
MacGregor 2001). Currently two theories, not neces-
sarily exclusive, preside over the induction of TdP: (1)
delayed repolarization, resulting from AP prolongation
leads to early afterdepolarizations (EADs) that inter-
rupt the otherwise smooth repolarization phase of the
AP, and may give rise to salvos of premature triggered
beats and TdP (Roden 2004). (2) Heterogeneous
distribution of cardiac ion channel currents through
the thickness of the ventricular wall creates a
transmural dispersion of repolarization (TDR), which
may exacerbate upon AP lengthening (Papadatos et al.
2002). Ordinarily, a TDR, and therefore a transmural
gradient in refractoriness, plays an important role in
the spread of repolarization throughout the ventricle
(i.e. proceeding from the epicardium to the endocar-
dium). Agents that affect action potential duration
(APD) to differing extents across the ventricular wall,
would result in altered APD transmural gradients, and
hence refractoriness, both of which are potentially
arrhythmogenic mechanisms (Janse & Wit 1989).

The multiple risk factor intervention trial (Cohen
et al. 1987) reported a 28% increase in ventricular
arrhythmias for every 1 mMm reduction in serum K*
amongst male hypertensive patients receiving diuretic
therapy. Furthermore, corrections of serum K* through
intravenous or oral potassium administration have been
reported to reduce the QT interval in long QT (LQT)
patients, and may thus help prevent subsequent sudden
cardiac death (SCD) (Choy et al. 1997, Etheridge et al.
2003).

The Nernst equation predicts that a reduction in [K*],
should increase the driving force for outward current
through K* channels and therefore increase Ix. How-
ever, studies of I, Ix, and Ix; in human atrial
myocytes, guinea-pig myocytes and sheep cardiac pur-
kinje fibres, respectively, have demonstrated that
reduced [K*], actually decreases these K* currents
(Carmeliet 1982, Sanguinetti & Jurkiewicz 1992, Firek
& Giles 1995). These findings could help explain the
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cardiac AP prolongation that has been observed at low
[K*]o, a well-recognized clinical phenomenon, that may
play an important role in the genesis of arrhythmias
such as TdP (Ginant et al. 1991; Yang & Roden 1996).

A reduction in [K*], is a common experimental
manoeuvre employed in isolated cardiac tissue and
whole-heart preparations when assessing the arrhythmic
tendency of drugs implicated in acquired long QT
syndrome (LQTS) or establishing indirect, pharmacolo-
gical models of LQTS, or in assessing the pathogenesis of
cardiac arrhythmias (Eckardt et al. 1998, Milberg et al.
2002, 2005). These studies have lowered [K*], in
combination with the administration of a wide range of
compounds thought to be implicated in the development
of TdP. Furthermore, in many of these studies, it was
actually necessary to reduce [K*], to induce arrhythmias,
even in the presence of known arrhythmogenic agents
(Milberg et al. 2005). This suggests that [K*], is an
important trigger for cardiac arrhythmias in its own
right, yet such reports did not themselves assess the
effects that reductions in [K*], by itself may have upon
the arrhythmic tendency of these cardiac preparations.

Despite studies documenting the effects of hypo-
kalaemia upon I, Ix, and Ix; in isolated cardiac
myoctes and tissue preparations and the established
clinical association of hypokalaemia and TdP (Berthet
et al. 1999), the existence of such a precise link has not
yet been proven. Studies in the intact isolated heart have
the advantage of containing all myocardial cell types
whilst maintaining intercellular coupling, and could
thus provide more physiologically relevant information
regarding the induction and propagation of cardiac
arrhythmia. The purpose of this study, therefore, was to
determine the intrinsic arrhythmogenic effects of hypo-
kalaemia in the isolated, Langendorff-perfused murine
whole-heart model, and to assess if an increased
arrhythmic state is accompanied by an altered trans-
mural gradient of APD.

Methods

Experimental animals

The mice used in this study were kept in an animal
house at room temperature and subjected to a consistent
12 h : 12 h light : dark cycle and fed with sterile rodent
chow, having access to water at all times. Wild-type
(WT) 129 background male and female mice aged
5-7 months were used in all experiments.

Langendorff-perfused preparation

The experiments used a Langendorff-perfused prepar-
ation that has been previously adapted for murine
hearts (Balasubramaniam ez al. 2003). Briefly, mice
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were killed by cervical dislocation in accordance with
Schedule 1 of the UK Animals (Scientific Procedures)
Act 1986. The heart was then quickly excised and
submerged in ice-cold bicarbonate-buffered Krebs—
Henseleit solution containing in mm: 119 NaCl, 25
NaHCOs3, 4 KCl, 1.2 KH,PO4, 1 MgCl,, 1.8 CaCl,, 10
glucose and 2 sodium pyruvate. The solution was
bubbled with a 95% 0O,-5% CO, mixture (British
Oxygen Company, Manchester, UK). The aorta was
cannulated under the buffer surface using a 21-gauge
custom-made cannula, and was attached to the cannula
needle using a micro-aneurysm clip (Harvard Appar-
atus, Edenbridge, UK). The preparation was then
transferred to the perfusion apparatus, to which the
cannula was attached, and perfusion commenced in a
retrograde manner via the aorta with the abovemen-
tioned bicarbonate-buffered Krebs—Henseleit solution.
Before entering the aorta, buffer was passed through
200 and 5 um filters (Milipore, Watford, UK) and
warmed to 37 °C by means of a water jacket and
circulator (Model C-85A, Techne, Cambridge, UK).
Perfusion was maintained at a constant flow rate of
2-2.5 mL min™" using a peristaltic pump (Watson—
Marlow Bredel pumps model 505S, Falmouth,
Cornwall, UK). Following the start of perfusion,
healthy, experimentally viable hearts regained a pink
colouration and spontaneous rhythmic contraction with
warming. In 10% of experiments, hearts were discarded
because of signs of ischaemia after cannulation and
perfusion.

Perfused heart electrophysiological measurements

In the present experiments, a paired (1-mm inter-pole
spacing) platinum stimulating electrode was placed on
the basal surface of the right ventricular epicardium.
Prior to experimental procedures, hearts were paced
for 10 min at 8 Hz using 2-ms square-wave stimuli
with amplitudes set to three times the excitation
threshold (Grass S48 stimulator, Grass-Telefactor,
Slough, UK).

Epicardial MAP recordings were obtained using a
MAP electrode (Linton Instruments, Harvard Appar-
atus, UK) placed on the basal surface of the left
ventricular epicardium. The epicardial MAP electrode
was gradually positioned until a gentle but stable
contact pressure was achieved. This resulted in a
recording of MAP signals. For endocardial recordings,
a small access window was created in the interven-
tricular septum to gain access to left ventricular
endocardium (Casimiro et al. 2001). A custom-made
endocardial MAP electrode constructed from two
twisted strands of Teflon-coated (0.25 mm diameter)
silver wire (99.99% purity) (Advent Research Mate-
rials Ltd, Oxford, UK) that had been previously
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galvanically chlorided to eliminate DC offset, was
positioned on to the left ventricular free wall under a
stable contact pressure until MAP signals were
achieved. MAPs were amplified, band-pass filtered
(0.5Hz to 1kHz: Gould 2400S, Gould-Nicolet
Technologies, Ilford, Essex, UK) and digitized (1401
plus MKII, Cambridge Electronic Design, Cambridge,
UK). MAPs were extracted and analysed (spike II
version 4: Cambridge Electronic Design) to derive the
precise duration of the digitized signals. The record-
ings were deemed reproducible and, hence of an
acceptable standard for analysis if they had the
following properties: a stable baseline, a rapid
upstroke phase with consistent amplitude, a smooth
contoured repolarization phase and a stable duration
[MAP duration at 90% repolarization (APDgg) was
reproducible within 2 ms under baseline conditions].

Experimental protocol

A standard pacing protocol (basic cycle length, BCL of
125 ms) that corresponded to physiological whole-
animal heart rates (Papadatos et al. 2002) was initiated
for periods of up to 20 min to measure APD at 50%,
70% and 90% repolarization. External pacing stimuli
were subsequently withdrawn from all preparations,
leading to a significantly reduced, intrinsic heart rate
corresponding to a BCL of approximately 400 ms.
Reduced heart rates are a known risk factor for the
development of repolarization abnormalities such as
EADs and triggered beats that may underlie the
induction of VT (Roden & Hoffman 1985). Epicardial
MAPs were recorded for periods of up to 20 min from
isolated, perfused WT mouse hearts under intrinsic
pacing conditions. Following this, programmed electri-
cal stimulation (PES) of the heart was carried out using
an adaptation of the corresponding clinical techniques
(Saumarez & Grace 2000, Balasubramaniam et al.
2003). PES procedures began by applying standard
pacing stimuli at a BCL of 125 ms for 25 s. Following
this, a drive train of eight-paced beats (S1) again at a
BCL of 125 ms preceded an extrastimulus (S2) every
ninth beat. S1S2 intervals initially equalled the pacing
interval and then were progressively reduced by 1 ms
with each nine-beat cycle until ventricular refractoriness
was reached, at which point the S2 stimulus elicited no
MAP. BCL pacing protocols of 125 ms, corresponding
to physiological whole-animal heart rates (Papadatos
et al. 2002), were used in all paced experiments.
Recordings were subsequently repeated following a
20-min wash-in of a reduced [K*], perfusate, of either 4
or 3 mMm.

We used two methods to quantify changes in
transmural gradients of repolarization. Firstly, AAPDy,
was calculated from the difference between the mean
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endocardial and epicardial APDg, values, giving pos-
itive results where the endocardial value exceeded the
epicardial value, and negative results where the
epicardial value was greater. Secondly, TDR was
defined as the positive part of the AAPDg as described
on earlier occasions (Kirchhof et al. 1996). An EAD
was defined as a positive deflection that interrupted the
smooth repolarization phase of the AP. A triggered
beat was similarly described as a positive deflection in
the smooth repolarization phase of the AP whose
amplitude approximately matched the amplitude of the
initial AP. Arrhythmias were defined as a ventricular
tachyarrhythmia of more than five-cycle duration that
were typically self-terminating. Following cannulation
and subsequent perfusion of hearts, approximately
10% of preparations were discarded because of signs
of ischaemia.

Isolation of single-ventricular myocytes

Epicardial and endocardial myocytes were dissociated
enzymatically from the left ventricle. Following cann-
ulation, the heart was perfused in a retrograde fashion
with Krebs—Henseleit buffer, warmed to 37 °C by
means of a water jacket and circulator (Techne model
C-85A), at a rate of 2-2.5 mL/min for 5 min, until the
heart regained a homogenous pink colouration and
began contracting spontaneously. The heart was then
perfused for 5 min with a nitrilotriacetic acid-based
perfusion buffer containing (in mm): 125 NaCl, 4.75
KCL, 5 MgSO,4, 10 HEPES, 5 sodium pyruvate, 20
glucose, 20 taurine and 4.5 nitrilotriacetic acid. Fol-
lowing this, the heart was perfused with a digestion
buffer for 12-15 min containing (in mM): 125 NaCl,
4.75 KCl, 5 MgSO,, 10 HEPES, 5 sodium pyruvate, 20
glucose, 20 taurine, 0.6 CaCl, and 1 mg/mL collage-
nase type 2 (Worthington, UK), 1 mg/mL hyaluroni-
dase (Sigma, Poole, UK). After this period, a small pair
of 90-degree curved forceps was used to tear off a thin
layer of left ventricular epicardial tissue. After epicar-
dial tissue had been harvested, a surgical blade was
used to create an incision along the length of the heart,
to gain access to the left ventricular endocardial surface.
As before, a pair of forceps was used to tear off thin
sections of endocardial tissue. Epicardial and endocar-
dial tissue samples were placed in separate tubes
containing digestion buffer in addition to 1 mg/mL
bovine serum albumin (Sigma) for 5 min before gentle
trituration for a further 5 min in the same solution.
Tissue samples were subsequently spun down in a
centrifuge machine (1000 rpm for 3 min) before the
supernatant from the epicardial and endocardial tissue
tubes was discarded and replaced with a wash buffer
containing (in mMm): 135 NaCl, 1.1 MgCl,, 1.8 CaCl,,
5.4 KCl, 10 Hepes, 10 Glucose and pH was adjusted to
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7.35 with NaOH. Epicardial and endocardial myocytes
were stored in the aforementioned wash buffer and
were studied within 4-6 h. Following initial perfusion
of the heart, all subsequent steps were performed at
room temperature.

Single-cell electrophysiology

Conventional whole-cell patch-clamp recording in
voltage clamp mode were carried out using an Axo-
patch 200B amplifier (Axon Instruments, CA, USA)
coupled to a Digidata series computer interface and
controlled by pClamp software (Axon Instruments).
Pipettes (1-4 MQ) were pulled from borosilicate glass
capillaries (1.5 mm outer and 0.86 inner diameter,
GC150-10; Harvard Apparatus Ltd). Extracellular
buffer contained (in mm): 135 NaCl, 1.1 MgCl,, 1.8
CaCl,, 5.4 KCl, 10 Hepes, 10 Glucose and pH was
adjusted to 7.35 with NaOH. Intracellular pipette
saline contained (in mM): 130 KCI, 1 MgCl,, 10 Hepes,
5 Mg-ATP, 5 Naj-creatine phosphate and pH was
adjusted to 7.2 with KOH. After formation of gigaseal,
whole-cell configuration was achieved by applying
gentle suction through pipette and ZAP. Up to 75%
series resistance compensation was achieved. Transient
outward potassium currents and inward currents were
triggered by applying a series of 10 mV incremental
voltage pulses from -100 to 50 mV from a holding
potential of —60 mV.

Data analysis and statistics

Single-cell electrophysiological data and whole-heart
MAP data were initially imported into Microsoft EXCEL.
All data are expressed as means + SEM. For whole-
heart data, comparisons were made using ANOvA (SPSS
software) and for single-cell electrophysiological data
comparisons were made using Student’s #-test, with
values of P < 0.05 being considered significant.

Results

Hypokalaemia is a known risk factor for the develop-
ment of a lethal form of VT termed torsade de pointes,
although the underlying physiological mechanisms
responsible for this remain unclear (Roden et al.
1996). The experiments sought to investigate the
intrinsic arrhythmogenicity induced by hypokalaemia
by recording left ventricular epicardial and endocardial
monophasic action potentials (MAPs) from isolated,
perfused mouse hearts, and to determine whether
arrhythmogenicity was associated with the occurrence
of repolarization abnormalities such as EADs and
triggered beats, an altered transmural gradient of
repolarization or a combination of the two.
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Stability of endocardial and epicardial MAP recordings

Experimental data were initially obtained from record-
ings of MAPs from isolated, perfused WT mouse hearts
under normokalaemic conditions (5.2 mm [K*],) to
establish the control phenotype. The procedures were
then repeated following reductions in [K*],. Following
cannulation and perfusion of the murine hearts, the
electrophysiological parameters of MAP waveform
morphology, amplitude and duration reached a steady
state within 10 min. Following this stabilization period,
MAP recordings and pacing thresholds remained highly
reproducible throughout the experimental protocol.
The MAPs recorded fulfilled the previously documen-
ted murine cardiac electrophysiological criteria in pos-
sessing a triangular morphology, a rapid upstroke
phase, a smooth repolarization phase, and closely
resembled murine ventricular MAPs from earlier studies
(Guo et al. 1999) (Fig. 1). No MAP waveform repolar-
ization abnormalities in either the epicardium or endo-
cardium were ever seen under normokalemic (5.2 mm
[K*],) conditions. Both epicardial and endocardial
MAP amplitudes and durations remained highly sta-
ble throughout the duration of experimental recording
procedures, with APDgg being reprodu-
cible within 2 ms under normokalemic conditions

values

(Tables 1 & 2) in 25 separate preparations, further
validating this experimental set-up.

Hybokalaemia modifies the regional heterogeneity of
murine ventricular repolarization

The experiments then proceeded to investigate whether
reductions in [K*], affected the transmural gradient of

Figure | Representative example of left
ventricular endocardial and epicardial
MAP recordings under control, normo-

o
an isolated Langendorff-perfused WT
mouse heart. Under control conditions, =~ MAP
MAP waveform characteristics remained

kalaemic conditions of 5.2 mm [K*], in
highly stable and reproducible throughout

MAP
\'

all recordings. 200 ms
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Table | Epicardial action potential durations (APDs) under
varying [K*], (mM) conditions

Parameter (ms) 5.2 (n=7) 4(n=7) 3 (n=11)
APDjs, 7.8 £0.8 16.9 + 3.6*  19.5 + 2.4*
APD~, 19.7 £ 2.3 31.4 + 4.9 37.2 +£2.9%
APDy 372 +£1.7 584 +41% 66.7 £2.1%

*P < 0.05 vs. baseline.

Table 2 Endocardial action potential durations (APDs) under
varying [K*], (mM) conditions

Parameter (ms) 5.2 (n=7) 4 (n=7) 3 (n=11)
APDjs 19.7 £ 1.3 19.7 +£ 0.8 17.2 £ 1.6
APD~, 322+1.6 32.7+3.1 347+ 24
APDy 516 £1.9 62.8 +2.8* 629+ 5.9*%

*P < 0.05 vs. baseline.

repolarization in the intact, isolated, perfused mouse
heart. Local activation time is the time measured from
the point of electrical stimulus to the maximal ampli-
tude of the AP repolarization time is obtained by the
addition of local activation times to MAP duration;
however, in the present study we only observed insig-
nificant changes in local activation time in the presence
of reduced [K*], (data not shown). This finding is in
keeping with a previous study in which perfusion of
isolated rabbit hearts with amiodarone led to no
significant increase or decrease in local activation times
(Kirchhof ez al. 2003). With this in mind, the present

Endocardium

Ul
I

Epicardium

I
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experiments measured changes in the transmural gradi-
ent of repolarization by first calculating a AAPDgog from
the difference between the epicardial APDyy and the
endocardial APDyg; this gave a positive value where the
endocardial APDy exceeded the epicardial APDg, and
a negative value if the opposite was the case. However,
TDR was then obtained from the positive part of this
AAPDg, as defined on earlier occasions (Kirchhof et al.
1996).

Fig. 2 shows representative epicardial and endocar-
dial MAPs recorded from isolated, mouse hearts
perfused with either normokalemic (5.2 mm [K*],)
(Fig. 2a) or hypokalaemic (4 or 3 mm [K'],)
(Fig. 2b,c) physiological buffer solutions, at a BCL of
125 ms. Reductions in [K*], to 4 and 3 mm did not
significantly alter the endocardial APDjs, (7 = 18)
(Table 2). However, these reductions in [K*], to 4
and 3 mM led to increases in epicardial APDs, values
from 7.8+ 0.8 to 16.9 + 3.6 and 19.5 &+ 2.4 ms
respectively (7 = 18) (Table 1). Reduction of [K*],
from 5.2 to 4 mM led to significant increases in mean

(a) Epicardium Endocardium
5.2 mm [K*],
MAP MAP
\ \
50 ms 50 ms
(b) Epicardium Endocardium
4 mm [K*],
MAP MAP
\ \"
50 ms 50 ms
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epicardial APD,y and APDy, values, from 19.7 4+ 2.3
to 3114 £ 4.9 ms and from 372 £ 1.7 to 58.4 +
4.1 ms respectively (P <0.05) (n=7) (Tablel,
Fig. 3a,b: clear columns). Endocardial MAP values
were also affected. Admittedly mean endocardial
APDo values were not significantly affected by this
initial reduction in [K*], from 5.2 to 4 mM (n = 7)
(Table 2). Mean endocardial APDg, values were,
however, significantly increased from 51.6 £ 1.9 to
62.8 +£ 2.8 ms (P < 0.05) (n =7) (Table 2, Fig. 3a,b:
grey columns). These effects led to a marked reduction
in both TDR and AAPDy, from 14.4 + 2.6 ms under
of 52mm [K*],, to
4.4 + 5.0 ms upon lowering [K*], to 4 mm [K*],, that
was attributable to a greater lengthening of the
epicardial MAP over the endocardial MAP (Fig. 3a,b:
black columns).

normokalemic conditions

Further reductions in [K*], from 4 to 3 mm similarly
led to further prolongation of mean epicardial APD,
and APDy, values to 37.2 + 2.9 and 66.7 + 2.1 ms
respectively (n = 11) (Table 2, Fig. 3b,c: clear col-

(©) Epicardium Endocardium
3 mm [K+*],
MAP MAP
Vv Vv
50 ms 50 ms
(d) 5.2 mm [K*], 3 mm [K+],
EPI EP|
ENDO / ENDO
MAP U MAP
v v
50 ms 50 ms

Figure 2 Representative MAP recordings from the left ventricular endocardium and epicardium of isolated, Langendorff-perfused

WT mouse hearts during a standard pacing protocol at a basic cycle length of 125 ms under (a) control conditions and
following perfusion with hypokalaemic solutions of 4 mm (b) and 3 mm [K*], (c). Perfusion with 4 and 3 mMm [K*], leads to
marked prolongation of both endocardial and epicardial APD. (d) Overlaid epicardial and endocardial traces shown in

panels (a) and (c).
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umns). A reduction from 4 to 3 mm [K*], led to no
further significant change in endocardial APD-, and
APDgyqy values (z = 11) (Table 1, Fig. 3b,c: grey col-
umns). The preferential lengthening of epicardial APDy,
values over endocardial APDg values in isolated mouse
hearts perfused with 3 mm [K*], led to a further
reduction in TDR to 3.4 ms, and actually a negative
AAPDy value of —3.4 + 6.0 ms, reflecting the greater
epicardial compared with endocardial APDy, (Fig. 2d,
Fig. 3c: black column).

Hypokalaemia induces repolarization abnormalities
in spontaneously beating hearts

Bradycardia is a known risk factor for TdP (Roden &
Hoffman 1985), and earlier studies have reported EADs
and TdP in rabbit hearts following the perfusion of a
range of drugs implicated in acquired LQTS under
combined states of hypokalaemia and bradycardia
(Eckardt ez al. 1998, Milberg et al. 2002). Accordingly,
following the standard pacing protocols to accurately
measure APD at various stages of repolarization,
extrinsic pacing was terminated in all preparations,
leading to a pronounced decrease in heart rate. Under
these conditions, no repolarization abnormalities were
ever recorded following perfusion with a normokalemic
physiological solution. Control epicardial intrinsic
MAPs displayed a typical triangular morphology, with
a smooth repolarization phase (Fig. 4a). However,
following reductions in [K*], to 4 mM, under intrinsic
pacing conditions, EADs were now recorded from three
of seven hearts (Fig. 4b). In these unprovoked prepara-
tions, EADs presented as pronounced positive deflec-
tions occurring in the smooth repolarization phase of
the AP. Further reductions in [K*], to 3 mM frequently

80+ @
70+
60-
50-
40-

30

Time (ms)

20+
10
0

=10+ 5.2
-20-
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lead to salvos of triggered beats that preceded periods of
non-sustained VT (VT) in nine of 11 preparations
(Fig. 4c).

PES induces ventricular tachycardia in hypokalaemic
mouse hearts

The final experiments related the phenomena charac-
terized above to an actual generation of arrhythmogen-
esis following a PES procedure. PES was used as an
experimental tool to determine the arrhythmic suscep-
tibility of isolated WT mouse hearts perfused with
hypokalaemic (4 or 3 mm [K*],) physiological buffer
solutions. The PES procedures were directly adapted
from clinical diagnostic techniques used to assess
arrhythmogenic propensity in patients, for the current
murine whole-heart model (Saumarez & Grace 2000,
Balasubramaniam et al. 2003).

Short S1-S2 coupling intervals under normokalemic
(5.2 mm [K*],) baseline conditions elicited typical
extrasystolic APs (Fig. 5a). Figure 5 illustrates epicar-
dial MAP recordings from isolated, perfused WT mouse
hearts subjected to PES following progressive reductions
in [K*],. PES repeatedly failed to induce VT in isolated
WT hearts under normokalemic (5.2 mm [K*],) base-
line conditions (# = 7) (Fig. 5a). Reducing [K*], from
5.2 to 4 mm led to the induction of VT in only two of
seven preparations subjected to PES (29% incidence), in
close parallel with clinical case reports of cardiac
arrhythmias from hypokalaemic patients (Cohen et al.
1987). Figure Sb, illustrates a heart in which was not
induced following perfusion with 4 mm [K*],). Upon
further reduction of [K*], to 3 mm, triggered beats and
non-sustained VT in nine of 11 preparations were seen
during PES protocols (Fig. 5¢).

(b) ()

mm [K*],

Figure 3 Steady-state epicardial and endocardial APD measured at 90% repolarization (APDyg), and AAPDgy, values (white,

grey and black columns respectively) under (a) control conditions (seven hearts), and following perfusion with hypokalaemic

solutions (b) 4 mM (seven hearts) and (c) 3 mm [K*],.
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Figure 4 Representative left ventricular intrinsic epicardial MAP recordings from isolated, WT Langendorff-perfused mouse

hearts under control conditions (a), and following perfusion with 4 mm [K*],, (b) and 3 mm [K*], and (c) hypokalaemic solutions.

Perfusion of hearts with 4 mm [K*], lead to the induction of EADs in three of seven preparations. Following perfusion with

3 mm [K*], buffer, EADs and triggered beats preceded periods of spontaneous, non-sustained VT in nine of 11 preparations.

Patch-clamp study of the effects of hypokalaemia on
transient outward and inward potassium currents from
epicardial and endocardial cardiac myocytes

To compliment the whole-heart electrophysiological
findings, the experiments proceeded to explore the
effects of hypokalaemia at the single-cell level. Individ-
ual myocytes were selectively isolated from the left
ventricular epicardial and endocardial surfaces as des-
cribed in Methods. The whole-cell configuration of the
patch-clamp technique was used to record repolarizing
K* channel currents in epicardial and endocardial

myocytes in normokalemic and hypokalaemic physio-
logical buffer solutions.

To record a transient outward current (I,,), cells were
voltage-clamped at —60 mV and depolarized to 50 mV
for a 500-ms duration. Under normokalemic conditions,
average amplitude of I, as reflected in the early peak of
the outward current, in epicardial cells was significantly
greater than in endocardial cells (73.46 + 8.45 and
32.87 + 9.27 pA/pF, respectively, P <0.05, n=29)
(Fig. 6a,b respectively). We additionally applied hyper-
polarizing steps from a holding potential of —60 to
—100 mV to record an inwardly rectifying K* channel

© 2007 The Authors
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Figure 5 Programmed electrical stimulation (PES) of isolated, WT Langendorff-perfused mouse hearts under control conditions
(a) and following perfusion with 4 mm [K*], (b) and 3 mm [K*], (c) hypokalaemic buffer solutions. PES repeatedly failed to
induce VT in any preparation perfused with control, normokalaemic buffer. PES lead to the induction of VT in two of seven

hearts perfused with 4 mm [K*], (shown is an example trace of one of the five hearts perfused with 4 mm [K*], in which PES failed
to induce VT). Hearts perfused with 3 mm [K*], showed a high incidence of VT following PES (nine of 11 preparations).

current (Ix{). Mean Iy, density was not significantly
different between epicardial and endocardial cells
(-10.18 + 0.28 vs. —9.62 + 1.65 pA/pF, respectively,
P > 0.05, n = 9) (Fig. 6a,b).

Under hypokalaemic conditions of 3 mm [K*],, I, den-
sity was significantly reduced to 61.16 + 6.14 pA/pF in
epicardial cells (P < 0.05, n = 4) (Fig. 6a). However, I,
density was not significantly affected in endocardial cells
under identical hypokalaemic conditions (32.87 +
9.27 and 31.09 + 8.03 pA/pF, respectively, P > 0.05,
n = 5) (Fig. 6b). Under hypokalaemic conditions Iy,
density was significantly reduced from —=10.18 + 0.28 to
—3.66 + 0.77 pA/pFinepicardial cells (P < 0.05,7 = 4)
(Fig. 6a). Similarly, hypokalaemia significantly reduced
Ixi in endocardial cells from -9.62 + 1.65 to
—2.93 + 0.35 pA/pF (P < 0.05, n = 4) (Fig. 6b). How-
ever, reduction in I under hypokalaemic conditions in
epicardial cells was not significantly different from

© 2007 The Authors

endocardial cells (-3.66 + 0.77 vs. 2.93 + 0.35 pA/pF;
P > 0.05).

Discussion

Clinical findings suggest that hypokalaemia may have
intrinsic arrhythmogenic effects but the underlying
physiological mechanisms remain unclear. We accord-
ingly sought to investigate the intrinsic arrhythmogenic
effects of hypokalaemia in isolated, Langendorff-per-
fused wild-type (WT) mouse hearts for the first time by
recording MAPs from endocardial and epicardial left
ventricular sites. The mouse model has proven to offer a
powerful tool for the study of arrhythmias and their
associated risk factors in murine hearts harbouring
specific cardiac ion channel mutations that are known
to directly correspond to human LQTS subtypes
(Papadatos et al. 2002, Balasubramaniam ez al. 2003).
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Figure 6 Outward and inward K* currents recorded from epicardial and endocardial myocytes in normokalemic (black lines) and
3 mm [K*], hypokalaemic (grey lines) solutions using the whole-cell configuration of the patch-clamp technique. Under control
conditions epicardial myocytes (a) exhibited a significantly greater early outward K+ current component compared with endocardial
myocytes (b). Hypokalaemia significantly reduced early outward K* current in epicardial cells (z = 4) (a) but had no such effects
in endocardial cells (# = 5) (b). Hypokalaemia significantly reduced inward Ix; by equal extents in epicardial (7 = 4) (a) and

endocardial (z = §) (b) myocytes.

This study represents for the first time a quantitative
description of the effects of hypokalaemia upon the
occurrence of early EADs, VT and transmural changes
in APD at the whole-heart and single-cell level. The
results fully recapitulate clinical case reports of VT and
TdP documented in hypokalaemic patients (Berthet
et al. 1999, Kusano et al. 2001).

The present studies using Langendorff-perfused
mouse hearts led to several new important conclusions.
Firstly, we have confirmed for this isolated, perfused
murine whole-heart model that under control condi-
tions, endocardial MAPs were reproducibly longer in
duration than epicardial MAPs. Our results confirm
previous AP recordings from isolated murine myocytes
(Guo et al. 1999), and from murine whole-heart prep-
arations (Anumonwo et al. 2001, Casimiro et al. 2001,
Knollmann et al. 2001).

In the present study, the greater APD of endocardial
over epicardial MAPs led to a transmural APD gradient
of 14.4 + 2.6 ms, which closely correlates with a
previous study of iz vivo murine MAP recordings (Liu
et al. 2004). The transmural difference in APD across
the ventricular wall is important in establishing nor-
mal TDR-refractoriness, which may help to prevent
re-entrant arrhythmias. Alterations in the normal pat-
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terns of cardiac repolarization and refractoriness are
known contributing factors to re-entrant arrhythmias
(Janse & Wit 1989).

Secondly, it was successfully shown that a reduction
in [K*], leads to marked prolongation of epicardial and
endocardial ventricular MAPs in mouse hearts, and a
subsequent reduction in the transmural gradient of APD
and therefore the TDR. To our knowledge this obser-
vation has not been reported on earlier occasions.
Although a reduction in TDR is generally considered to
reduce rather than increase the likelihood of arrhythm-
ogenesis, one potential outcome of altered myocardial
repolarization gradients would be an increased probab-
ility of repolarization gradient collision. This in turn
would facilitate the generation of local conduction
block and of consequent re-entrant arrhythmogenesis
(Wolk et al. 1999, Rithalia et al. 2001). This could
increase the susceptibility of the heart to arrhythmias
initially induced by premature ventricular excitation
through physiological phenomena such as EADs and
triggered beats or via artificial premature excitation
using PES. This first report of such phenomena in the
isolated, perfused whole-heart model complements one
previous study in isolated endocardial and epicardial rat
myocytes that suggested that a reduction in TDR might

© 2007 The Authors
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also be proarrhythmic (Rithalia et al. 2001). Our results
in the intact myocardium directly demonstrate that a
reduced transmural gradient in APD can afford a
mechanism of proarrhythmia.

Thirdly, we have established that the reduced heart
rate seen in spontaneously beating hypokalaemic
hearts led to an increased propensity for the develop-
ment of repolarization abnormalities, such as EADs
and triggered beats, which preceded episodes of VT.
Although reduction of outward K* currents observed
under hypokalaemic conditions cannot directly initiate
arrhythmogenic mechanisms such as EADs, AP pro-
longation will ensue, which is a known arrhythmo-
genic mechanism of action (Clancy efal. 2003).
Prolongation of repolarization through reductions in
repolarizing K* currents has been speculated to induce
EADs through Ca** channel reactivation (Haverkamp
et al. 2000). Increases in the time spent in the voltage
window range for L-type Ca* channel reactivation
through AP prolongation are likely to generate EADs,
which may in turn give rise to salvos of premature
potentials termed triggered beats (January et al. 2000,
Fabritz et al. 2003). Bouchard et al. (2004) demon-
strated that prolonged exposure of rabbit ventricular
myocytes to hypokalaemic solutions led to fluctua-
tions in membrane potential and subsequent oscilla-
tions in cell length. These oscillations were shown to
be because of Ca®** entry through L-type Ca**
channels.

Intrinsically beating hearts perfused with a reduced
[K*]o buffer of 4 mm, elicited EADs in three of seven
preparations. Further reductions in [K*], to 3 mm,
elicited not only EADs but also triggered beats that were
followed by episodes of non-sustained VT in nine of 11
preparations. These findings at the level of the intact
heart correlate with earlier cellular studies. Such studies
have shown that the occurrence of EADs is increased
under low frequency pacing, implicating the L-type
Ca** current as a necessary depolarizing charge carrier
during the EAD which appears to predominate under
slow stimulation rates (Damiano & Rosen 1984, Zeng
& Rudy 1995).

Reduction of [K*], to 3 mm therefore leads to a
situation that contains high levels of EADs and
triggered beats and the presence of both a further
reduced TDR and a negative AAPDy value, represent-
ing the first point at which epicardial exceeds endocar-
dial APDyg. This would be expected to lead to a
proarrhythmic state, in which there is on the one hand
an increased likelihood of EADs, and on the other in
which an EAD is likely to give rise to development of
VT only in the setting of markedly altered transmural
gradients in APD. In this situation, induction of VT is
considered to result from both a trigger and an
appropriate substrate.

© 2007 The Authors
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Finally, it was demonstrated that the occurrence of
VT using PES correlated with reductions in both TDR
and AAPDy, concomitant with a progressive reduction
in [K*],. The present results document that a reduction
in [K*], to 4 mm leads to a 29% incidence of VT,
closely paralleling the clinical case study of Cohen et al.
(1987), who reported a similar frequency of VT
amongst hypertensive patients receiving diuretic ther-
apy. This finding further validates the use of the intact,
isolated, Langendorff-perfused mouse heart as an
experimental set-up to accurately study human arrhyth-
mogenecity. Following further reduction in [K*], to
3 mm, PES induced VT in nine of 11 preparations.

This study of arrhythmogenesis in the intact mouse
heart complements previous studies on the molecular
effects of hypokalaemia at the cellular level. Reductions
in [K*], have been shown to reduce the conductances of
a number of K* channels including the transient
outward current (I,) (Firek & Giles 1995), the rapidly
activating delayed rectifier current (Ix,) (Scamps &
Carmeliet 1989, Yang & Roden 1996) and the inwardly
rectifying current (Ix;) (Carmeliet 1982, Bouchard et al.
2004). Outward potassium current in response to
depolarization (-60 to 50 mV) and inward rectifying
current (Ixq) in response to hyperpolarization (-60 to
—100 mV) were measured in normokalemic (5.4 mm)
and hypokalamic (3 mm) buffer from both epicardial
and endocardial myocytes.

Firstly, under normokalemic conditions we recorded
a greater earlier outward K* current, attributable to a
transient outward (I,,) current component, from epi-
cardial compared with endocardial myocytes. Mouse
cardiac repolarization is dominated by the rapidly
activating I, K* current (Nerbonne et al. 2001). I, is
differentially expressed in the murine ventricle, with
higher protein levels found in the epicardium than the
endocardium (Brunet et al. 2004). Such differences in
the transmural expression of I, are thought to account
for the shorter APDs frequently reported at the murine
ventricular epicardium compared with the endocardium
(Knollmann et al. 2001). In the present study, this result
compliments our MAP recordings from isolated per-
fused hearts, in which we demonstrated that APs
recorded from the endocardial surface were greater in
duration than APs recorded from the epicardial surface.
Thus, the difference in I, density between the epicar-
dium and the endocardium may help explain why APs
recorded from these two sites significantly differ in
duration.

Secondly, under hypokalaemic conditions, we recor-
ded a significant reduction of early outward current,
attributable I, in epicardial myocytes. Firek & Giles
(1995) reported that reductions in [K*], reduced I, in
human atrial myocytes. Reductions in I, can prolong
APD and increase Ca’* entry via L-type Ca®* channels
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(Fiset & Giles 2006). However, under similar condi-
tions, early outward current was not significantly
affected in the endocardial myocytes. Reductions in
epicardial but not endocardial I, under hypokalaemic
conditions correlates with preferential lengthening of
epicardial compared with endocardial APD under
hypokalaemic conditions reported in the present study
at the whole-heart level. Furthermore, we documented a
significant increase in the early repolarization phase, as
reflected in epicardial APDs, at the whole-heart level
under hypokalaemic conditions of 3 mm [K*],, sup-
porting the notion that an early outward K* current,
most likely I, is reduced in epicardial myocytes under
hypokalaemic conditions. Thus, a reduction in epicar-
dial T, under hypokalaemic conditions could account
for preferential epicardial APD prolongation at 50%,
70% and 90% repolarization and could therefore be
considered one of the primary mechanisms responsible
for the change in the transmural gradient of repolari-
zation, reflected by changes in AAPDy, seen at the
whole-heart level.

Thirdly, we also recorded K* current through Iy
by applying hyperpolarizing steps. Under normoka-
lemic conditions, inward Ix; was not significantly
different between epicardial and endocardial myo-
cytes. Under hypokalaemic conditions, inward I,
current was significantly reduced by equal extents in
both epicardial and endocardial myocytes. Therefore,
it is unlikely that a differential reduction in Iy
between epicardial and endocardial myocytes may
significantly contribute to an altered transmural gra-
dient of repolarization.

Hypokalaemia induces hyperpolarization of the cell
membrane, which inhibits Ix; (Carmeliet 1982, Bou-
chard et al. 2004). Ik, is the main current responsible
for setting the resting membrane potential in mamma-
lian heart cells and it can also contribute to the late
phase of repolarization (Nichols ez al. 1996). Inhibition
of outward-going Iy, via hypokalaemia-induced hyper-
polarization of the cardiac cell membrane would
therefore be expected to prolong the later phases of
cardiac AP repolarization. Such effects could account
for the significant epicardial and endocardial AP
prolongation at 90% repolarization in isolated hearts
perfused with 3 mm [K*],. Previously, genetically
engineered mice lacking Ik exhibit cardiac AP prolon-
gation (Zaritsky et al. 2000, 2001). However, we
understand that this is not a definitive experimental
approach to asses the effect of Ik, in AP repolarization
under hypokalaemic conditions as the physiological
function of Iyx; is because of a smaller outwardly
rectifying component of Iy current. Under the condi-
tions of our patch-clamp experiments, however, a large
early transient outward K* current will mask any
outward Ix; current.

Acta Physiol 2007, 189, 33-46

The results from the whole-heart and single-cell
electrophysiological studies strongly suggest that reduc-
tions in an early outward K* current, most likely to be
I, is the primary ionic mechanism for the significant
increase in epicardial APD at 50%, 70% and 90%
repolarization and for the alteration in the transmural
gradients of repolarization observed under hypoka-
laemic conditions. Previously, Ik, has been shown to be
similarly sensitive to reductions in [K*], through either
increased channel inactivation kinetics (Yang et al.
1997) or through an increased inhibitory effect of
Na* ions at an extracellular binding site of the human
ether-a-go-go related gene (HERG) K* channel, which
constitutes Iy, as [K*], is lowered (Numaguchi et al.
2000). HERG K* channels rapidly activate from closed
to open states during depolarization, but pass little
outward current as they rapidly inactivate (Vandenberg
et al. 2001). Channels subsequently pass an outward
current as they recover from inactivation during repo-
larization (Clancy et al. 2003). Thus the corresponding
murine HERG K* channel (mERG) may contribute to
the late phase of murine repolarization and reductions
in Ix, may be responsible for increased epicardial and
endocardial APDgy observed at the whole-heart level
under hypokalaemic conditions. When recording out-
ward K* currents at the single-cell level in hypokalaemic
solutions, we recorded a significant reduction of out-
ward current at early times in epicardial myocytes, more
likely reflecting I, as opposed to Ik,. Nevertheless we
have taken the care to emphasize early outward K*
current as opposed to individual outward K* current
components. At the whole-heart level we report signi-
ficant epicardial AP prolongation at 3 mm [K*], occur-
ring at early repolarization times, as reflected by
increased APDs, consistent with the single-cell findings
and further supporting the notion that an early outward
K* current, attributable to I, is reduced in the
epicardium under hypokalaemic conditions.

However, this does not exclude the possibility of other
mechanisms contributing to arrhythmogenesis under
hypokalaemic conditions. Reductions in [K*], have been
associated with electrogenic Na*/K* ATPase pump
inhibition (Eisner & Lederer 1979) and a subsequent
increase in [Na*]; (Boyett et al. 1986). Elevations in
[Na*]; may lead to an increase in [Ca®*]; through
inhibition of Ca®* extrusion via the Na*—Ca®* exchanger
(White & Terrar 1991). Nevertheless, the isolated,
perfused heart electrophysiological data alongside the
single-cell patch-clamp data in the present study strongly
supports the notion that the reduction of early repolariz-
ing K* currents selectively in the epicardium leading to
AP prolongation and the subsequent induction of EADs,
alongside alteration of transmural gradients of repolar-
ization is the primary arrhythmogenic mechanism of
action associated with hypokalaemia in the mouse heart.

© 2007 The Authors
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In conclusion, analysis of epicardial and endocardial
MAPs recorded from isolated, Langendorff-perfused,
WT murine whole-heart preparations and patch-clamp
K* current measurements in isolated epicardial and
endocardial myocytes under varying degrees of hypo-
kalaemia has thus shed new light on the pathogenesis of
VT under hypokalaemic conditions. Here we report for
the first time episodes of EADs, triggered beats and VT in
the setting of a reduced TDR recorded from intact,
isolated mouse hearts perfused with hypokalaemic solu-
tions, further highlighting the possible severe clinical
consequences of relatively small reductions in serum
potassium levels. Furthermore, at the single-cell level we
report a significant reduction in early outward current in
epicardial myocytes under hypokalaemic conditions, an
effect that is likely to play an important role in the
generation of altered transmural gradients of repolariza-
tion seen at the whole-heart level. These data suggest that
treatment of even modest hypokalaemia is critical in
preventing serious unwanted lethal cardiac events. Inter-
vention of serum [K*] may prove to be beneficial in the
prophylaxis of VT and TdP induced by hypokalaemia.
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