
Functional roles of KATP channel subunits in metabolic inhibition

Alexey V. Glukhova,1, Keita Uchidab,c,1, Igor R. Efimova, and Colin G. Nicholsb,c,*

aDepartment of Biomedical Engineering, Washington University, St. Louis, MO 63130, USA
bDepartment of Cell Biology and Physiology, Washington University School of Medicine, 660 S.
Euclid Avenue, St. Louis, MO 63110, USA
cCenter for the Investigation of Membrane Excitability Diseases, Washington University School of
Medicine, 660 S. Euclid Avenue, St. Louis, MO 63110, USA

Abstract
ATP-sensitive potassium channel (KATP) activation can drastically shorten action potential
duration (APD) in metabolically compromised myocytes. We showed previously that SUR1 with
Kir6.2 forms the functional channel in mouse atria while Kir6.2 and SUR2A predominate in
ventricles. SUR1 is more sensitive to metabolic stress than SUR2A, raising the possibility that
KATP in atria and ventricles may respond differently to metabolic stress. Action potential duration
(APD) and calcium transient duration (CaTD) were measured simultaneously in both atria and
ventricles by optical mapping of the posterior surface of Langendorff-perfused hearts from C57BL
wild-type (WT; n = 11), Kir6.2−/− (n = 5), and SUR1−/− (n = 6) mice during metabolic inhibition
(MI, 0 mM glucose + 2 mM sodium cyanide). After variable delay, MI led to significant
shortening of APD in WT hearts. On average, atrial APD shortened by 60.5 ± 2.7% at 13.1 ± 2.1
min (n = 6, p < 0.01) after onset of MI. Ventricular APD shortening (56.4 ± 10.0% shortening at
18.2 ± 1.8 min) followed atrial APD shortening. In SUR1−/− hearts (n = 6), atrial APD shortening
was abolished, but ventricular shortening (65.0 ± 15.4% at 25.33 ± 4.48 min, p < 0.01) was
unaffected. In Kir6.2−/− hearts, two disparate responses to MI were observed; 3 of 5 hearts
displayed slight shortening of APD in the ventricles (24 ± 3%, p < 0.05) and atria (39.0 ± 1.9%, p
< 0.05) but this shortening occurred later and to much less extent than in WT (p < 0.05). Marked
prolongation of ventricular APD was observed in the remaining hearts (327% and 489%
prolongation) and was associated with occurrence of ventricular tachyarrhythmias. The results
confirm that Kir6.2 contributes to APD shortening in both atria and ventricle during metabolic
stress, and that SUR1 is required for atrial APD shortening while SUR2A is required for
ventricular APD shortening. Importantly, the results show that the presence of SUR1-dependent
KATP in the atria results in the action potential being more susceptible to metabolically driven
shortening than the ventricle.

1. Introduction
ATP sensitive potassium channels (KATP) are activated in response to a reduced [ATP]/
[MgADP] and hence couple metabolism to electrical activity [1,2]. KATP channels are
densely expressed in the myocardium and when activated following metabolic inhibition can
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lead to significant shortening of the cardiac action potential and subsequent reduction of
contractility [3, 4]. Activation of 1% of the total KATP expressed in the sarcolemmal
membrane is sufficient to shorten action potential duration by 50% [5, 6]. In doing so, KATP
activation is thought to play a cardioprotective role by conserving ATP.

Structurally, sarcolemmal KATP is a hetero-octameric channel formed from 4 regulatory
sulfonylurea (SUR1, SUR2A or SUR2B) subunits and 4 pore forming, inwardly rectifying
potassium channel (Kir6.1 or Kir6.2) subunits. Varying pharmacologic and functional
properties arise from different KATP subunit compositions. The Kir subunits confer ATP,
ADP, and PIP2 sensitivity and determine the unitary conductance properties of the channel
[7]. The regulatory SUR subunits positively modulate channel activity by responding to
MgATP and MgADP, and are the target of inhibitory sulfonylurea drugs.
Pharmacologically, both SUR1 and SUR2 are blocked by glibenclamide [8], while diazoxide
and pinacidil are relatively selective activators of SUR1 and SUR2.

Previously, we have shown that murine cardiac KATP has a chamberspecific subunit
composition; ventricular channels are primarily composed of SUR2A and Kir6.2 while atrial
KATP is composed of SUR1 and Kir6.2 [8]. Following this discovery, we showed that this
chamberspecific expression of KATP results in pharmacologically distinct responses of the
action potential, with the atrial action potential duration (APD) showing strong shortening
only when exposed to diazoxide and the ventricular APD shortening only in response to
pinacidil [9].

SUR1 also has a higher sensitivity to stimulation by MgADP compared to SUR2A and thus
has a greater sensitivity to metabolic stress [10] although in vivo consequences of this has
thus far not been examined, and there have been no experiments looking at the function of
these channels on intact hearts following metabolic stress. In the present study we have
examined the consequences of chamber-specific SUR expression on the metabolic
sensitivity of cardiac electrical activity by optical mapping in WT, SUR1 knockout and
Kir6.2 knockout hearts in response to metabolic inhibition.

2. Materials and methods
2.1. Generation and care of genetically modified mice

All procedures complied with the standards for the care and use of animal subjects as stated
in the Guide of the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised
1996) and protocols were approved by the Animal Studies Committee at Washington
University School of Medicine. Data were obtained from adult (aged 11 to 20 weeks)
C57BL wild type mice (WT, n = 11), sulfonylurea receptor type 1 knockout mice (SUR1−/−,
n = 6) and Kir6.2 knockout mice (Kir6.2−/−, n = 5). The generation of SUR1−/− and
Kir6.2−/− mice has been described elsewhere [11,12].

2.2. Isolated heart preparations
The isolated heart preparation (Fig. 1A) was performed as described previously [9]. Briefly,
mice were anesthetized using a mixture of Ketamine and Xylazine, with 100 units of
heparin. After mid-sternal incision, the heart was removed and placed in oxygenated (95%
O2, 5% CO2) modified Tyrode solution of the following composition: 128.2 mM NaCl, 4.7
mM KCl, 1.19 NaH2PO4, 1.05 mM MgCl2, 1.3 mM CaCl2, 20.0 mM NaHCO3, and 11.1
mM glucose (pH = 7.35 ± 0.05). While bathed in the same solution, the lung, thymus, and
fat tissue were dissected and removed. A short section of the aorta was attached to a custom
made 21-gauge cannula. After cannulation, the heart was superfused and retrogradely
perfused using a peristaltic pump (Peri-Star, WPI, Sarasota, USA) with Tyrode solution
passed through a 5-µm filter (Millipore, Billerica, USA) and warmed (37°C) using a water
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jacket and circulator (ThermoNESLAB EX7, Newtown, USA). Perfusion was performed
under constant aortic pressure of 60 to 80 mm Hg, monitored by a pressure-amplifier
(TBM4M, WPI, Sarasota, USA).

The isolated heart was pinned at the apex to the Sylgard bottom of the chamber to prevent
stream-induced movement. The right (RA) and left (LA) atrial appendages were stretched
and pinned to flatten them and to allow optical measurements from maximal surface of the
atria (Fig. 1A). A small silicon tube, fixed by silk to nearby connective tissue, was inserted
into the left ventricle through the pulmonary vein, LA, and tricuspid valve to prevent
solution congestion and subsequent ischemia after suppression of ventricular contractions.
This also prevented acidification of the perfusion solution and development of ischemia in
the left ventricle.

2.3. Imaging system
After the initial 20–30 min of perfusion, the heart was immobilized by inclusion of
blebbistatin (10–20 µM, Tocris Bioscience, Ellisville, MO) in the perfusion medium in order
to suppress motion artifacts in optical recordings [13]. For all hearts, the tissue was stained
via coronary perfusion for 10–20 min with voltage-sensitive dye RH237 (5 µL of 1.25 mg/
mL solution in DMSO, Invitrogen, Carlsbad, CA). For 5 of 11 WT and all SUR1−/− and
Kir6.2−/− hearts, the tissue was co-stained with calcium indicator Rhod-2 AM (20 µL of 1
mg/mL solution in DMSO, Invitrogen, Carlsbad, CA) for simultaneous mapping of action
potential and calcium transient.

Two halogen lamps (Newport Oriel Instruments, Stratford, CT; SciMedia, Costa Mesa, CA),
equipped with 520 ± 45 nm bandpass filters were used for excitation. Fluorescent voltage
and calcium signals were simultaneously collected from the same field of view.
Fluorescence emission was separated by a dichroic mirror (635 nm cutoff, Omega Optical,
Brattleboro, VT), and filtered by a 700 nm longpass filter (Thorlabs, Newton, New Jersey)
for voltage signals and by a 590 (±15) nm bandpass filter (Omega Optical, Brattleboro, VT)
for calcium signals. Emitted light was then recorded by a dual CMOS camera system
(ULTIMA-L, SciMedia, Costa Mesa, CA) with high spatial (100 × 100 pixels, 110 ± 20 µm
per pixel) and temporal (500–1000 frames/s) resolution. The acquired fluorescence signal
was digitized, amplified, and visualized using custom software (SciMedia, Costa Mesa,
CA).

2.4. Experimental protocols
After isolation and cannulation, motion suppression, and dye staining, preparations were
equilibrated for an additional 5–10 min before imaging of control measurements during
spontaneous rhythm and ventricular pacing. The pacing site was located on the lateral,
anterior right ventricular (RV) epicardium near the apex; pacing current was at least 2× the
pacing threshold. After control measurements, hearts were exposed to complete metabolic
inhibition (MI). The control Tyrode solution used for perfusion was switched to a solution
with 2 mM NaCN and zero glucose. Cyanide was added to inhibit oxidative
phosphorylation; the absence of glucose resulted in inhibition of glycolysis [14]. Cyanide
was dissolved immediately before use to minimize loss of HCN gas from the solution.
Optical measurements, during both spontaneous rhythm and ventricular pacing, were taken
frequently (~ every minute) in order to maximize time sampling to observe action potential
and calcium transient changes.

Once perfusion of the MI solution began, there was a variable time course for the onset of
the effect of MI due to variability in perfusion rate and metabolic state of each heart prior to
the start of the experiment. In a typical experiment, the sinus rhythm would slow and
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progressive conduction block would develop between the atria and ventricle, prior to the
onset of APD changes in the atrial or ventricular myocardium, suggesting high susceptibility
of the conduction system to the effects of MI. Once complete anterograde AV block
occurred, files with ventricular pacing were preferentially obtained to monitor APD changes.
Cyanide induced progressive inhibition of cardiac activity and optical recordings were taken
until the ventricular myocardium became inexcitable.

2.5. Data processing
A customized Matlab-based computer program was used to analyze the optical signals and
detailed processing methods are reviewed elsewhere [15]. Briefly, signals were filtered
using a low-pass Butterworth filter algorithm (fc = 200 Hz). Maximum upstroke derivative
(dV/dtmax) was calculated for each action potential using the normalized optical signal and
its derivatives. Activation maps (Fig. 1B) were constructed from activation times, which
were determined from dV/dtmax. Conduction velocity (CV) was defined as the distance
traveled by the wave front per unit time. To characterize cardiac repolarization, the mean
APD at 80% of repolarization (APD) was calculated during continuous pacing for each
channel and then averaged throughout the corresponding chamber (RA, LA, RV and LV).
Similarly, calcium transient durations (CaTD) were measured at 80% return to baseline
fluorescence and averaged throughout the chambers.

2.6. Statistical analysis
Values are expressed as means ± SE unless otherwise stated. Hypothesis testing was carried
out using unpaired Student's t-test and chi-squared analysis with Yates correction, as
appropriate. A value of p < 0.05 was considered statistically significant.

3. Results
3.1. Dual voltage-calcium imaging of murine hearts

Prior to the start of MI, control measurements were taken in both sinus rhythm and during
pacing from the lateral edge of the ventricle (Fig. 1). The measured control APDs (Table 1)
and CaTDs (Table 2) during control conditions are summarized for all groups. The APDs
are similar to previously reported values [9], with no statistical differences between the three
genotypes for control APDs or CaTDs in each chamber.

3.2. Atrial APD shortens before ventricular APD in WT mice hearts during MI
To monitor the effects of KATP activation on cardiac action potentials, action potential
duration (APD) was measured throughout MI. As expected, MI was associated with a
profound shortening of both the atrial and ventricular APDs, measured at 80% repolarization
(APD80), in the WT heart. Representative APD80 maps and optical action potentials from
one WT heart are shown at three different time points during MI (Figs. 2A–B). During
control, ventricular APD80 was ~60–70 ms in both chambers. By 11 min, a subtle
prolongation of APD80 is evident across both ventricles but by 17 min, drastic shortening of
the APD80 occurred in both. In each atrium, there is also clear APD80 shortening that occurs
considerably faster (by 11 min), and by 17 min there is no detectable atrial activity. APD
was also measured at 15% repolarization (APD15). APD15 shortened slightly, but non-
significantly with MI, in both WT and SUR1−/− ventricles but the majority of the APD
shortening occurs late, in phase 3 of the action potential (as seen in Figs. 2B, 3B, and 4B).
There was also no significant shortening of the atrial APD at 15% repolarization.

Similar progression was observed in all 11 WT hearts although there was highly variable
delay to onset of APD80 changes suggesting that there is variability in the initial metabolic
state of the heart. However, once initiated, the progression was remarkably similar. In all
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WT hearts, the right atrial APD80 shortened prior to the right ventricular APD; 50%
shortening of the atrial APD80 occurred at 13.1 ± 2.1 min after onset of MI (Fig. 2C). The
ventricles displayed 50% shortening of APD80 approximately 5 min after the atrial APD80
shortening at 18.2 ± 1.8 min after onset of MI (p < 0.01).

To focus on the relationship between atrial and ventricular APD shortening, in Fig. 2C the
time axes are referenced to the time of 50% shortening of the ventricular APD (relative time
(Trel) = 0) to normalize for the variability in onset. This analysis makes clear that atrial APD
shortening occurred between 10 and 2.5 min prior to ventricular APD shortening in every
heart. Following maximal atrial APD shortening, atrial optical action potentials continued to
shorten, but the signal amplitude also weakened until APD became unmeasurable. Since
APD can show significant differences between the left and right hearts, the APD in the left
atria and right atria was plotted against each other throughout MI (Fig. 2D). For each heart
the APDs in LA and RA were strongly correlated throughout MI (R2 = 0.0.83), as were the
APDs in the left and right ventricles (R2 = 0.84). We conclude that the effects of MI on LA
and RA behaved similarly throughout MI and henceforth, the left and right atrial and
ventricular APDs are grouped as merely atrial and ventricular APDs (Fig. 2E).

3.3. Chamber-specific ablation of KATP abolishes APD shortening in a chamber-specific
manner

To determine whether the APD shortening that was observed during MI is due to specific
KATP subunits, the above experiment was repeated in hearts from SUR1−/− and Kir6.2−/−

mice. SUR1−/− hearts displayed similar changes in ventricular APD to WT hearts but
essentially no shortening of the atrial APD (Figs. 3A–C). Figs. 3D and E summarize the
APD changes and a clear, significant difference can be seen in the maximal shortening of
the atrial APD (to 85% of control in SUR1−/− vs 43% in WT, p < 0.01). The lack of SUR1
did not affect the ventricular APD shortening (to 35% of control in SUR1−/− vs 34% in WT,
p = NS). This suggests that SUR1 based KATP is indeed responsible for nearly all of the
APD shortening observed during MI in the murine atria whereas SUR2 is likely responsible
for APD shortening in the ventricle. In contrast, there was negligible APD shortening during
MI in both atria and ventricles of Kir6.2−/− hearts (Figs. 4A–B). There was a moderate
shortening in three out of five Kir6.2−/− atria very late in MI to 60 ± 4% of control APD but
no atria showed APD shortening below 50% of control values. A similar, minimal,
shortening to 76 ± 5% of control APD was observed in these ventricles (Kir6.2−/− #3–5)
immediately before the myocardium became inexcitable. These results indicate that
activation of Kir6.2-dependent KATP is responsible for a large portion of the APD
shortening during MI in both atria and ventricle.

Intriguingly, two of five Kir6.2−/− mice (#1 and #2, Figs. 4A–C) displayed severe APD
prolongation in the ventricles (327% and 489% compared to control APD) during MI. These
hearts developed both ventricular tachycardia (VT+) and, through retrograde activation,
atrial tachycardia, that was not terminated by stimulation (not shown). Development of VT
occurred at ~17 min and ~16 min of MI for hearts #1 and #2 respectively.

Development of VT in the VT+ hearts was observed during progressive prolongation of
ventricular APD and seemed to be associated with triggered activity originating from a focal
point near the base of the ventricle. Fig. 4D shows an example of VT recorded in Kir6.2−/−

heart #1. During tachycardia in this heart there was progressive prolongation of APD and
decrease of the optical signal amplitude until the signal became undetectable. The extreme
APD prolongation in these two VT+ Kir6.2−/− hearts was accompanied by CaTD
prolongation which was not observed in the three VT – Kir6.2−/− hearts (Fig. 4E).
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Severe CaTD prolongation was not observed in any of the other hearts. Representative AP
and CaT traces are shown for one WT heart (Fig. 5A). Atrial APD is shorter than the atrial
CaTD in all groups whereas APD and CaTD in control ventricles are very similar (Tables 1,
2, Fig. 5A: Control). In WT (n = 5), SUR1−/− (n = 6), and the remaining VT− Kir6.2−/− atria
and ventricles, CaT duration (CaTD) remains relatively stable throughout MI in both atria
and ventricle (Figs. 5B–C). Maximum prolongation and subsequent maximum shortening of
the CaTD is quantified in Figs. 5D and E. Slight prolongation of CaTD and subsequent
minimal shortening roughly paralleled the changes in APD, suggesting minimal additional
effects of MI on the kinetics of calcium handling.

4. Discussion
4.1. Chamber specificity of KATP channel structure and functional consequences

Progress in understanding cardiac KATP channels has suffered under the persistent dogma
that these channels are of uniform composition (Kir6.2 and SUR2A) and expression. Here
we provide further evidence that there are regional differences in KATP subunit expression in
the murine heart and we show that in intact hearts the different channel compositions confer
temporally separated response to metabolic stress. Firstly, the present study provides
additional evidence supporting our previous findings that Kir6.2 co-expresses with SUR1 in
the atria and SUR2A in the ventricle in murine hearts [8,9] by demonstrating that APD
shortening is abolished specifically in the atria of SUR1−/− hearts, suggesting that these K+

channels are the main driver of APD shortening following metabolic stress in mice.
Ventricular APD shortening remained unaffected in SUR1−/− hearts, consistent with
canonical SUR2A-based KATP channels remaining active in the ventricle. Surprisingly, the
three VT− Kir6.2−/− hearts still showed some APD shortening in late MI in both atria and
ventricle. There has been some evidence to suggest that Kir6.1 may be expressed in the heart
[16–18] and it is plausible that the APD shortening observed in the Kir6.2−/− hearts may be
due to Kir6.1-based KATP activity. However, it is also likely that ICa is reduced late in MI
and that this underlies the late shortening and further studies will be needed to fully
determine the etiology of late APD shortening in the Kir6.2−/− hearts.

Importantly, we observed atrial APD shortening in all WT hearts prior to ventricular APD
shortening, suggesting that the KATP composition in the atria and ventricle confers different
responses to metabolic inhibition. Such a functional consequence is actually predicted by
previous biophysical and biochemical analyses which indicate that nucleotide binding folds
(NBFs) of SUR1 display a greater sensitivity to nucleotide diphosphate activation than the
SUR2A NBFs [10]. Due to this difference at the molecular level, SUR1 based KATP is
predicted to have greater sensitivity to activation by metabolic stimuli than SUR2A based
KATP [10], leading to the expectation that SUR1 based KATP channels will activate more
readily than SUR2A based KATP channels during hypoxia, ischemia, or MI in the heart. In
our analysis of SUR-dependence of atrial and ventricular KATP [19], we observed
spontaneous activation of KATP channels in atrial myocytes under whole cell conditions
with 0 or 500 µM MgATP in the pipette while ventricular myocytes require agonists or
metabolic inhibition for KATP channel activation. This is consistent with a previous report
that cultured neonatal rat atrial myocytes exhibited greater KATP activation than ventricular
myocytes when patch clamped with a high [ADP]/[ATP] pipette solution [20]. Using
transgenic overexpression of nonfunctional αMHC-Kir6.1 [AAA] channels, Zhu et al.
reduced the KATP channel current density by approximately 80% and demonstrated that
reduced functional channels slowed the time course of APD shortening during hypoxia [21].
Our study now confirms in the intact heart, more metabolically-sensitive SUR1-based KATP
channels activate earlier than SUR2A based KATP channels during MI.
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4.2. Effect of KATP activation on APD and its potential role in arrhythmogenesis
A large body of literature exists describing the arrhythmogenic role that KATP activation can
play and the potential for KATP channel blockers such as glibenclamide for use as
antiarrhythmic agents [22,23]. Activation of KATP could be expected to shorten both atrial
and ventricular APDs and refractory periods, thereby preparing the tissue for re-entry by
reducing the wavelength of re-entry [24,25] in larger hearts. Although re-entrant arrhythmias
were not observed in our study of mouse hearts, the current study may help to explain why
SUR1 overexpression in mice has been associated with a variety of arrhythmias, including
atrioventricular block and atrial tachycardia, whereas SUR2A overexpression has not [26].
The greater potential for APD shortening by SUR1-based KATP during milder metabolic
stresses such as during exercise or fasting may suggest that this might be the more important
subunit to study for the arrhythmogenicity of KATP channels.

However, as shown previously [27,28], in early myocardial ischemia or hypoxia there can
be opposite changes in refractoriness and APD, which may indicate that KATP activation
during ischemic conditions will not necessarily be arrhythmogenic or damaging; indeed
activation of cardiac KATP channels has consistently been shown to protect the heart from
damage during ischemia, by limiting Ca2+ entry [2]. In a study of rabbit atria, a transient
increase in refractory period of about 30% was observed in the first 20 min of hypoxia. In
contrast, the APD decreased monotonically from 100% to 72% at 30 min of hypoxia,
suggesting the development of postrepolarization refractoriness [27]. Transient
postrepolarization refractoriness could be due to different rates of changes in APD and
sodium channel kinetics and may protect against both reentrant arrhythmias and arrhythmias
triggered by EADs in early MI.

Lack of KATP activation might actually precipitate arrhythmias during MI. Although we
observed single isolated and non-sustained EADs in 1 WT and in 1 SUR1−/− ventricle prior
to APD shortening, the predominant sustained arrhythmic feature was focal activity, of
unknown etiology, in Kir6.2−/− ventricles. In these ventricles, a significant APD
prolongation was observed in the early phase of MI, in agreement with the transient APD
prolongation revealed previously by Saito et al. during the early phase of ischemia in
Kir6.2−/− mouse ventricles [29]. These authors made the reasonable suggestion that
inhibition of other potassium currents (such as Ito and IK1) by metabolites as well as an
increase in intracellular Ca2+ might lead to the observed APD prolongation, and may
precipitate EADs or DADs leading to sustained focal arrhythmias n Kir6.2−/− hearts in the
present study.

The sinus rate in Kir6.2−/− hearts maintains a short cycle length during hypoxia [30] and it is
conceivable that Kir6.2 may normally play a role in slowing pacemaker rates in the AV
node and His-Purkinje system. The origin of the trigger cannot be determined from
epicardial optical mapping preparations, and the role of His-Purkinje pacemakers cannot be
excluded. Diastolic intracellular calcium-voltage coupling has been shown to be higher in
the endocardium and Purkinje fibers compared to the epicardium [31] and a depolarized
membrane potential compounded with the loss of Kir6.2 may generate a substrate for DADs.
Therefore, the focal activity that was observed in our study (Fig. 4) may result from EAD-
or DAD-driven propagation of APs into the epicardium through the region with the shortest
refractoriness. There are reports that Kir6.2−/− mice or mice expressing a dominant-negative
mutated Kir6.2 subunit have calcium handling deficiencies that can lead to calcium overload
in these hearts [32,33]. These studies further suggest that the observed arrhythmias in the
Kir6.2−/− hearts may be due to calcium-mediated triggered activity in the ventricular
myocardium. These observations and other insights from the literature support a generally
accepted consensus that a major function of KATP channels during metabolic stress is to
reduce Ca2+ entry by minimizing membrane depolarization, limiting contraction, and
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conserving energy [34,35] and the loss of this hyperpolarizing current may exacerbate
calcium entry into the cell.

4.3. Clinical implications
Despite the clear chamber specificity in rodents, other species exhibit varying sensitivities to
SUR1 and SUR2A agonists in the atria and ventricles. Importantly, human cardiac chambers
lack a distinct differential pharmacological response in atrial and ventricular KATP channels
to diazoxide and pinacidil [36], consistent with KATP subunit gene expression pattern [23].
Although chamber-specific SUR expression is lacking in humans, recent work suggests that
various disease states can affect KATP function and expression [37]. We previously noted a
potentiation of diazoxide-sensitive KATP activity in explanted human hearts from patients
diagnosed with congestive heart failure (CHF) and in patients with a non-failing heart but
with a history of infarction compared to non-failing hearts [36]. However, the drastic
pinacidil-induced APD shortening in both the atria and ventricles was unaffected by the
disease state. Activation of KATP channels in explanted human hearts by both diazoxide and
pinacidil led to both atrial and ventricular reentrant arrhythmias, which could be terminated
by glibenclamide [36]. Although surface protein expression levels need to be addressed, this
increased diazoxide-sensitive APD shortening may point to an increase in the functional
number of SUR1-based KATP channels. In rat hearts, expression of Kir6.1 and all SUR
regulatory subunits were increased up to 3-fold in cardiomyocytes located in the infarct
border zone, 20 weeks after coronary occlusion [38]. Diazoxideactivated KATP currents
were observed in these border zone cells, while there was no response to diazoxide in
control ventricular cardiomyocytes, again suggesting that the activity and expression of
SUR1 increases in ventricles following myocardial infarction in rats. In a mouse model of
salt-induced hypertension, Lader et al. [24] demonstrated increased KATP channel density
and upregulation of SUR1 subunit expression in atria, associated with an increased atrial
arrhythmia inducibility. Koumi et al. demonstrated that KATP channels in atrial myocytes
from patients with CHF have characteristics substantially similar to those in donors, but the
channels were more sensitive to stimulation by metabolic inhibition in CHF myocytes than
in donor myocytes [39]. These findings further suggest that KATP channel expression and/or
sensitivity are plastic under different levels and durations of metabolic stress, such as during
heart failure, which may be one explanation for the observed differences in effects of
diazoxide between non-infarcted donor hearts and infarcted donor and CHF hearts. Finally,
recent work by Farid et al. demonstrated regional disease-related expression of KATP
channels in human cardiomyopathic hearts, consistent with the distribution of KATP
expression being an important factor in its arrhythmogenicity [23]. KATP blockade by
glibenclamide promoted termination of spontaneous ventricular tachyarrhythmia by
attenuating the ischemia-dependent spatiotemporal heterogeneity of refractoriness. Further
studies will be necessary to determine how various disease states can impact KATP subunit
expression and to assess how these changes in KATP composition and distribution in the
myocardium can influence the arrhythmogenic potential in these patients.
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Fig. 1.
Experimental set up. A: The posterior surface of Langendorff-perfused mouse hearts was
optically mapped during MI using voltage (RH237) and calcium (Rhod-2) sensitive
fluorescent dyes with a CMOS Ultima-L camera. B: Activation maps were constructed from
activation times (AT) determined from the dV/dtmax. C: Representative examples of
superimposed optical recordings of AP (blue) and calcium transient (green) signals
measured in mouse atria (top) and ventricle (bottom). D: Contour maps for the distribution
of action potential duration (APD) and calcium transient duration (CaTD) at 80% return to
baseline fluorescence are shown. (RA and LA – right and left atria; RV and LV – right and
left ventricles; PVs – pulmonary veins). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2.
APD changes in WT mice during MI. A: Representative APD maps for a WT heart in
control, 11 min into MI, and 17 min into MI. The color bar to the right of the images
represents the APD in individual pixels from short (blue) to long (red). B: Representative
AP traces from the atria (top) and ventricle (bottom) in control (black), 11 min MI (blue)
and 17 min MI (red). C: RA and RV APD during MI from WT hearts (n = 11, each color
represents a specific heart). Relative time (Trel) of 0 is defined as the time at which
ventricular APD reaches 50% shortening (represented by red vertical dashed line). This
relative time shift has been applied for all paired ventricular and atrial APD traces. Note that
in all paired APD traces, the atrial APD shortens to 50% of control values (horizontal red
dotted line) before Trel = 0. D and E: Correlation between APDs measured in LA and RA
(D) and between LV and RV (E), throughout MI. Individual colors as in (C).
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Fig. 3.
APD changes in SUR1−/− mice during MI. A: Representative APD maps for a SUR1−/−

heart in control, 11 min MI, and 17 min MI. The ventricle responds in a similar manner to
WT ventricles. The atria do not show shortening at 11 min MI. By 19 min, conduction to the
LA was blocked but the RA still does not show APD shortening. B: Representative AP
traces from atria (top) and ventricle (bottom) from control (black), 11 min MI (blue), and 17
min MI (red). Ventricles show a longer APD plateau at 11 min and a drastic shortening by
17 min. C: Representation of the atrial (top) and ventricular (bottom) APDs during MI from
SUR1−/− hearts (n = 6) with relative time as in Fig. 2. The atria show no significant
shortening relative to the control APD throughout MI but the ventricles display a similar
biphasic effect as that seen in WT mice. D: Quantification of the relative APD shortening in
WT and SUR1−/− atria during MI shows a clear shortening in WT but not SUR1−/− atria. E:
Quantification of the relative APD shortening in WT and SUR1−/− ventricle during MI
reveals no differences in the ventricles.
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Fig. 4.
APD changes in Kir6.2−/− mice during MI. A: Relative changes in APD during MI in atria
(top) and ventricle (bottom). Two of five Kir6.2−/− hearts displayed severe APD
prolongation in ventricles and developed both ventricular and atrial tachycardia (labeled VT
+) during MI. The other three Kir6.2−/− hearts (labeled as VT− group) displayed a relatively
stable ventricular APD but some shortening of the APD in very late MI. Notably, none of
the Kir6.2−/− atria or ventricle displayed APD shortening of more than 50% of their control
values. B and C: Representative APs recorded in atria and ventricle of VT− (B) and VT+
(C) Kir6.2−/− hearts in control and during MI. D: Representative example of ventricular
tachycardia recorded in VT+ Kir6.2−/− heart during late MI. Representative trace of
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ventricular AP recorded during VT is shown. V1, V2 and V3 are mapped VT waves. Below
are the activation (top) and APD distribution (bottom) contour maps reconstructed for the
mapped VT waves (V1–V3). Stable location of the earliest activation area is marked by an
asterisk which corresponds to the region with the shortest APD. Arrows demonstrate the
direction of propagation. E: APD (circle, dotted trace) and CaTD (square, solid trace)
measurements during MI for the 2 VT+ Kir6.2−/− hearts are presented for atria and ventricle.
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Fig. 5.
Calcium transient changes in WT and SUR1−/− mice during MI. A: Representative optical
recordings of AP (blue) and CaT (green) signals obtained from the LA and LV of a SUR1−/−

heart (i) in control, (ii) during 15 min and (iii) 25 min of MI. B and C: CaTD in atria (B) and
ventricles (C) of WT, SUR1−/−, and VT− Kir6.2−/− hearts during MI. D and E: Maximal
CaTD prolongation during MI (D) and CaTD shortening (E) in each group.
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Table 1

Control APD values (average APD ± STDEV).

Left atria Right atria Left ventricle Right ventricle

WT 34.4 ± 5.4 ms 33.6 ± 2.7 ms 74.4 ± 13.0 ms 69.2 ± 13.9 ms

SUR1−/− 35.7 ± 3.8 ms 34.4 ± 4.3 ms 82.6 ± 7.0 ms 80.6 ± 5.8 ms

Kir6.2−/− 32.6 ± 2.2 ms 36.8 ± 4.2 ms 74.3 ± 12.0 ms 76.4 ± 14.7 ms
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Table 2

Control CaTD values (average CaTD ± STDEV).

Left atria Right atria Ventricle

WT 42.0 ± 2.7 ms 44.5 ± 5.3 ms 79.5 ± 17.3 ms

SUR1−/− 43.3 ± 3.0 ms 43.3 ± 2.7 ms 74.9 ± 5.0 ms

Kir6.2−/− 39.7 ± 4.7 ms 40.1 ± 3.6 ms 76.1 ± 6.9 ms
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