Functional role of inward rectifier current
in heart probed by Kir2.1 overexpression
and dominant-negative suppression

Junichiro Miake, Eduardo Marban, and H. Bradley Nuss

Institute of Molecular Cardiobiology, Department of Medicine, The Johns Hopkins University School of Medicine,
Baltimore, Maryland, USA

The inward rectifier current Ik, is tightly regulated regionally within the heart, downregulated in heart
failure, and genetically suppressed in Andersen syndrome. We used in vivo viral gene transfer to dis-
sect the role of Ix; in cardiac repolarization and maintenance of the resting membrane potential (RMP)
in guinea pig ventricular myocytes. Kir2.1 overexpression boosted Ba?*-sensitive Ix; by more than 100%
(at -50mV), significantly shortened action potential durations (APDs), accelerated phase 3 repolar-
ization, and hyperpolarized RMP compared with control cells (nongreen cells from the same hearts
and green cells from GFP-transduced hearts). The dominant-negative Kir2.1AAA reduced Ik, by
50-90%; those cells with less than 80% reduction of Ix; exhibited prolonged APDs, decelerated phase
3 repolarization, and depolarization of the RMP. Further reduction of Ix; resulted in a pacemaker phe-
notype, as previously described. ECGs revealed a 7.7% + 0.9% shortening of the heart rate-corrected QT
interval (QTc interval) in Kir2.1-transduced animals (» = 4) and a 16.7% + 1.8% prolongation of the
QTc interval (n = 3) in Kir2.1AAA-transduced animals 72 hours after gene delivery compared with
immediate postoperative recordings. Thus, Ik is essential for establishing the distinctive electrical
phenotype of the ventricular myocyte: rapid terminal repolarization to a stable and polarized resting
potential. Additionally, the long-QT phenotype seen in Andersen syndrome is a direct consequence of
dominant-negative suppression of Kir2 channel function.
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Introduction

Kir2.1 subunits, encoded by the KCNJ2 gene, assemble
to form tetrameric inward rectifier potassium channels
in many cell types, including cardiac myocytes. Thus,
Kir2.1 is essential in the generation of the cardiac
inward rectifier current (Ik;). Ix; is considered to con-
tribute significant repolarizing current during the ter-
minal phase of the action potential (AP) and serves as
the primary conductance controlling the resting mem-
brane potential (RMP) in ventricular myocytes (1). Near
RMP, the ventricular Ix; conductance is much larger
than that of any other current, with the exception of the
ATP-sensitive potassium current, which is normally not
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active. It is thus likely that physiological modulation of
this current will have a significant effect on excitability.

Clinically, Ik; is downregulated in human heart failure
(2). Furthermore, mutations in Kir2.1 have been report-
ed to cause Andersen syndrome with accompanying peri-
odic paralysis and QT prolongation with ventricular
arrhythmias (3, 4). The ventricular arrhythmias present-
ed in Andersen syndrome are predominately complex
ventricular ectopy and polymorphic ventricular tachy-
cardia (3, 4). Less frequently, the arrhythmias degenerate
into torsades de pointes or ventricular fibrillation (4). The
cardiac manifestations exhibited in Andersen syndrome
illustrate the important role that Ix; plays in the heart.

Unfortunately, lack of Iki-specific pharmacologic
tools, and thus an inability to manipulate Ik, experi-
mentally, have been a significant impediment to further
advancements in the study of Ix; in cardiac excitability.
These facts prompted us to investigate the role of Ix; by
manipulating Kir2.1 expression using gene transfer. We
previously described the effect of extreme Ix; suppres-
sion to liberate endogenous pacemaker activity in the
ventricle (5). In this study, we sought to clarify more
broadly the roles of Ix; in ventricular repolarization and
in maintaining a polarized diastolic resting potential.
We pursued a quantitative approach using in vivo
adenoviral gene transfer to achieve Ix; enhancement
and suppression. For the former, we overexpressed
Kir2.1; for the latter, we used a Kir2.1-AAA dominant-
negative construct to suppress the endogenous Ik;.
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Our observations underscore the clinical importance of
Ix; in the maintenance of the normal QT interval. Fur-
thermore, our study highlights the essential role that
Kir2.1 plays in modulating cardiac excitability.

Methods

Plasmid construction and adenovirus preparation. We used
first generation, bicistronic adenoviruses for enhance-
ment and suppression of Ix;. The shuttle vectors pAdEGI
and pAdCDBECR for the ecdysone-inducible adenovirus
system have been described (6). The full-length coding
sequence of human Kir2.1 (7) was cloned into the multi-
ple-cloning site of pAdEGI to generate the overexpression
construct pAdEGI-Kir2.1. The pore-forming GYGi44-146
motif of Kir2.1 was substituted with with the sequence
AAA by site-directed mutagenesis to generate the domi-
nant-negative construct pAdEGI-Kir2.1AAA. Adenovirus
vectors were generated by Cre-lox recombination of puri-
fied Y5 viral DNA and shuttle vector DNA as previously
described (8). The recombinant products were plaque
purified, expanded, and purified on CsCl gradients, yield-
ing concentrations on the order of 10'° PFU/ml.

Animals. Adenoviruses were injected into the left ven-
tricular cavity of guinea pigs after cross-clamping the aor-
tae (9). Adult female guinea pigs (250-300 g) were anes-
thetized with 4% isoflurane, intubated, and placed on a
ventilator with a vaporizer supplying 1.5-2% isoflurane.
Following lateral thoracotomy and immediately after
cross-clamping both the aorta and pulmonary artery, a
30-gauge needle was inserted at the apex and into the
chamber of the left ventricle. An adenovirus mixture con-
taining 3 x 101 PFU AdCDBECR and 2 x 10!° PFU
AdEGI (GFP control group), 3 x 101 PFU AdCDBEcR
and 3 x 10'° PFU AdEGI-Kir2.1 (Kir2.1-overexpressed
group), or 3 x 10!° PFU AdCDBECR and 3 x 10!° PFU
AdEGI-Kir2.1AAA (Kir2.1-suppressed group), was inject-
ed into the left ventricular cavity. The clamp was main-
tained for 40-60 seconds to allow the adenovirus to cir-
culate throughout the coronary circulation. After the
chest was closed, animals were injected intraperitoneally
with 10 mg of the non-steroidal ecdysone receptor ago-
nist N-(3-methoxy-2-ethylbenzoyl)-N'-(3,5-dimethylben-
zoyl)-N'-tert-butylhydrazine, which is known as GS-E
(kindly provided by Rohm and Haas Co., Spring House,
Pennsylvania, USA). GS-E was dissolved in 90 ul DMSO
and 360 ul sesame oil as described previously (10). GS-E
is released slowly from the DMSO/sesame oil depot such
that a high serum level of GS-E is maintained for up to 10
days following a single intraperitoneal injection (11).

The work presented was performed in accordance
with NIH guidelines for the care and use of laboratory
animals and was performed in accordance with the
guidelines of the Animal Care and Use Committee of
the Johns Hopkins University.

Myocyte isolation and electrophysiology. Forty-eight to 72
hours after injections were performed, guinea pig left
ventricular myocytes were isolated using standard tech-
niques (12). These enzymatic dissociations typically
yielded 70-80% viable myocytes. A xenon arc lamp was

used to view GFP fluorescence at 488/530 nm (excita-
tion/emission). The yield of transduced myocytes, iden-
tifiable by their vivid green fluorescence using epifluo-
rescence imaging (see below), was approximately 20%
as judged by visual assessments when cells were dis-
persed into the electrophysiologic recording chamber.
Experiments were carried out using the whole-cell
patch-clamp technique (13) at 37°C with an Axopatch
200B amplifier (Axon Instruments Inc., Foster City, Cal-
ifornia, USA) while sampling at 10 kHz (for currents) or
2 kHz (for voltage recordings) and filtering at 2 kHz.
Pipettes had tip resistances of 2-4 MQ when filled with
the internal recording solution. Given that we have
shown that adenovirus infection itself does not modify
the electrophysiology of guinea pig myocytes (ref. 11,
and our results of measurements of L-type calcium cur-
rent, Ic.;, below), control patch-clamp experiments per-
formed on uninfected (non-green) left ventricular
myocytes isolated from AdEGI-Kir2.1-injected and
AdEGI-Kir2.1AAA-injected animals, as well as on green
cells from AdEGI-injected hearts, were used as controls.
Cells were superfused with a physiological saline solu-
tion containing 140 mM NaCl, 5 mM KCI, 2 mM CaCl,,
10 mM glucose, 1 mM MgCl,, and 10 mM HEPES; pH
was adjusted to 7.4 with NaOH. The pipette solution
was composed of 130 mM K-glutamate, 19 mM KCI, 10
mM Na-HEPES, 2 mM EGTA, 5 mM Mg-ATP, and 1
mM MgCl,; pH was adjusted to 7.2 with KOH. APs were
initiated by brief depolarizing current pulses (2 ms,
500-800 pA, 110% threshold) at 0.33 Hz. AP duration
(APD) was measured as the time from the overshoot to
50% or 90% repolarization (APDso and APDyy, respec-
tively). For Ik, recordings, CaCl, was reduced to 100 uM,
CdCl, (200 uM) was added to block Ic, 1, and In, was
steady-state inactivated by using a holding potential of
-40 mV. To obtain Ix; as a Ba?*-sensitive current, cur-
rents recorded before and after the addition of BaZ* (500
uM) were subtracted. Data were not corrected for the
liquid junction potential of -12.2 + 0.9 mV (n = 7),
which was measured using the method of Neher (14).
For I, recordings, cells were superfused with a saline
solution containing 140 mM N-methyl-D-glucamine, 5
mM CsCl, 2 mM CaCl,, 10 mM glucose, 0.5 mM MgCL,
and 10 mM HEPES; pH was adjusted to 7.4 with HCL
The pipette solution was composed of 125 mM CsCl, 20
mM TEA-Cl, 2 mM EGTA, 4 mM Mg-ATP, and 10 mM
HEPES; pH was adjusted to 7.3 with CsOH.
Electrocardiograms. Surface ECGs were recorded
immediately after operation and 72 hours after aden-
oviral injection as previously described (10, 11).
Guinea pigs were lightly sedated with isoflurane and
needle electrodes were placed under the skin. Electrode
positions were optimized to obtain maximal-ampli-
tude recordings, enabling accurate measurements of
QT intervals. ECGs were simultaneously recorded
from standard limb leads I, I, and III. The positions of
the needle electrodes were marked on the guinea pigs’
skin at the time of initial recording so as to ensure
exactly the same localization 72 hours later. The heart
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rate-corrected QT interval (QTc) was calculated with
Hayes’ square-root correction formula (15): QTc =
QTm + 7(\/2_50 - \/R_R), where RR is the R-R interval
and QTm is the interval from the Q wave to the peak
of the T wave using a tangent line to deine the T-wave
peak and the P wave to establish the baseline.

Histological evaluation. Transduction efficacy was assessed
by histological evaluation of microscopic sections 48
hours after injection of 160 ul AACMV-Bgal (2 x 101
PFU/ml) into the left ventricular cavity (16). Hearts were
excised, rinsed thoroughly in PBS, sectioned, and fixed in
2% formaldehyde/0.2% glutaraldehyde for 15 minutes at
room temperature. The sections were stained for 6 hours
at 37°C in PBS containing 1.0 mg/ml 5-bromo-4-chloro-
3-indolyl-B-D-galactoside (X-gal), 15 mmol/] potassium
ferricyanide, 15 mmol/] potassium ferrocyanide, and 1
mmol/l MgClL,. After staining, the slices were fixed with
2% formaldehyde/0.2% glutaraldehyde in PBS at 4°C
overnight. The sections were embedded in paraffin, cut to
5-um thickness, and stained with X-gal solution for visu-
al assessment of transduction efficacy (16).

Statistical analysis. Pooled data are presented as mean
+ SEM. Comparisons between groups were made with
the use of ANOVA or the unpaired ¢ test. Comparisons
among groups were made with the paired ¢ test. Corre-
lations between AP parameters and outward Ix; densi-
ty were determined using linear regression analysis.
Pvalues smaller than 0.05 were deemed significant.

Results
Transduction efficiency using the left ventricular cavity
injection strategy was assessed by histological evalua-
tion of microscopic sections from AdCMV-Bgal-inject-
ed hearts. Figure 1 shows such a transverse section from
the left ventricle after staining with X-gal solution for
visual assessment of transduction efficacy. Transduced
myocytes were distributed throughout the left ventricle
from apex to base with transduction efficiencies of
15-25% routinely obtained. For unclear reasons, the
number of transduced cells in the right ventricle and the
atrium was very small (~1%). Thus, electrophysiologic
study of left ventricular myocytes is reported herein.
Dominant-negative effects of Kir2.1AAA on Ik, expres-
sion were achieved using the approach of Herskowitz
(17). The GYG motif, three amino acids in the H5 region
of potassium channels that play a key role in selectivity
and pore function (18, 19), were replaced with a triplet of
alaninesin Kir2.1, thereby creating a dominant-negative
construct that encodes for Kir2.1 subunits with noncon-
ducting pores. When coexpressed with wild-type Kir2.1,
the incorporation of a single mutant subunit within the
tetramer is sufficient to cripple the channel and suppress
current flux (20). When we transiently expressed
Kir2.1AAA in a mammalian cell line (HEK) stably express-
ing Kir2.1, the dominant-negative construct reduced I
by about 70%. The dominant-negative effects are specific
to the Kir2 family of potassium channels, yet do extend
to other members within the family (20, 21). As expres-
sion of Kir2.1, Kir2.2, and Kir2.3 subunits has been found

in guinea pig (and human, see ref. 22) cardiomyocytes
(23), in our experiments, as in Andersen syndrome, not
onlyis Kir2.1 current suppressed by our Kir2.1AAA dom-
inant-negative construct, so should current carried by
channels comprised of Kir2.2 and/or Kir2.3 subunits
(21). For our purposes, Kir2.1 (wild-type) and Kir2.1AAA
were packaged into bicistronic adenoviral vectors also
containing GFP and injected into the left ventricular cav-
ity of guinea pigs (see Methods for details).

Cellular electrophysiology results: manipulation of Ix; densi-
ty. Left ventricular myocytes were isolated 3-4 days after
invivo transduction and then dispersed into the record-
ing chamber for electrophysiologic study. Transduced
myocytes were identified under epifluorescence imag-
ing by their obvious green fluorescence. Infection and
transduction with either the overexpression or domi-
nant-negative virus did not affect cell size as gauged by
capacitance measurements. Cell capacitances were sim-
ilaramong groups (109.1 + 6.0 pF, n=25,vs. 111.6 + 6.7
pF,n=12,vs. 117.3 £ 6.1 pF, n = 25, in overexpressed,
suppressed, and control groups, respectively). That Ic, 1
remained unchanged (data not shown) speaks to the
specificity of the viral constructs for Kir2 channels.

Myocytes isolated 3-4 days after in vivo transduction
with Kir2.1 or Kir2.1AAA exhibited enhancement or sup-
pression of Ix;. Figure 2 shows Ba?*-sensitive Ix; records
and I-V relationships for each group as determined with
square test pulses from -120 to +60 mV (500 ms) applied
from the holding potential of -40 mV at 10-mV incre-
ments. Ix; density was significantly larger in the overex-
pressed group and significantly smaller in the sup-
pressed group compared with the control group.

LV cavity injection of ACMV-pgal
(160 wl of AACMV-Bgal with titer of
2 x 10"° PFU/ml, 72 h after injection)
Left ventrical Epi
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Figure 1

Assessment of gene transfer efficacy. X-gal staining of microscopic

sections of left ventricle 48 hours after injection of AdCMV-fgal

into

the left ventricular cavity was used to assess transduction efficacy.
Transduced cells (stained blue) were observed throughout the left
ventricular wall. This gene delivery method achieved transduction of
approximately 20% of ventricular myocytes without obvious cell dam-

age. LV, left ventricular; epi, epicardium; endo, endocardium.
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Overexpression of Kir2.1 boosted Ba?*-sensitive outward
Ik by 107.1%, whereas suppression of Kir2.1 reduced
outward Ix; by 82.1% (at-50 mV, 5.8 + 0.9 pA/pF, n =10
vs.0.5+0.1 pA/pF,n=9vs.2.8 +0.2 pA/pF,n=7,in over-
expressed, suppressed, and control groups, respectively).
The reversal potential for Ix; in each group remained at
about -80 mV and was not changed by gene transfer.

Modification of APs. Control (n = 24) and Kir2.1 (n = 17)
ventricular myocytes fired single APs when subjected to
depolarizing external stimuli (Figure 3, a and b). In
contrast, Kir2.1AAA myocytes exhibited either of two
electrical phenotypes depending upon the extent of Ix;
suppression achieved in individual myocytes. Low to
moderate degrees of Ix; suppression resulted in stable
resting potentials from which external stimuli elicited
prolonged APs (Figure 3¢, n =7 of 22). Prolongation of
cellular APs would be expected to lengthen the QT
interval of the electrocardiogram. Thus, this subgroup
of Kir2.1AAA cells is referred to as “long-QT pheno-
type.” The alternative phenotype, as we described pre-
viously in a brief communication, was observed when
even greater suppression of Ix; was achieved; sponta-
neous activity resembling that of genuine pacemaker
cells (see Figure 1 in ref. 5). This dramatic effect of Ix;
suppression on AP repolarization and morphology
suggested that Ix; is essential to modulate excitability
and repolarization in the heart.

Influence of Ix; on RMP. By manipulating the amount of
I in transduced cells, we were able to test the conven-
tional wisdom that Ix; plays a fundamental role in main-
tenance of the stable and polarized RMP of the ventric-
ular myocyte. RMPs in Kir2.1-overexpressed and long

QT-phenotype Kir2.1AAA-suppressed myocytes were
significantly hyperpolarized and depolarized, respec-
tively, compared with the control (-79.1 + 0.8 mV, n =17,
-68.0 £2.3 mV,n="7;and -74.7 + 4.5 mV, n = 24 in over-
expressed, suppressed and control groups, respectively).
Plots of RMP data from all cells as a function of Ix; den-
sity at -50 mV (Figure 4a) revealed that RMP is signifi-
cantly correlated with Ix; (P = 0.037). Accordingly, a
reduction in the outward component of Ix; results in
depolarization of RMP. This is the first direct experi-
mental evidence that the amount of Ix; current
expressed in a cell sets the RMP in that cell. The actual
RMP in the Kir2.1-overexpressed group is indistin-
guishable from the calculated equilibrium potential for
potassium (-92 mV in these experiments) when adjust-
ed for the measured liquid junction potential (approxi-
mately -12 mV, see Methods for details).

Influence of Ix; on APD. Ik, is commonly assumed to
influence terminal repolarization, but its role earlier
during the AP remains a matter of conjecture. We eval-
uated APD at 50% and 90% repolarization from the
overshoot of the AP (APDsg and APDyg). APDs was sig-
nificantly abbreviated in the overexpressed myocytes
but was not significantly changed in the suppressed
group compared with control (131.2 + 9.2 ms, n = 17,
271.9+19.5 ms,n="7;and 247.6 + 10.3 ms, n = 24 in the
overexpressed, suppressed and control groups, respec-
tively). The effect of Ix; density on repolarization was
more pronounced at APDgg. APDy, was significantly
shorter in the overexpressed group and significantly
longer in the suppressed group compared with the con-
trol (156.0+ 9.2 ms,n=17;353.4 £+ 174 ms, n = 7; and
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Figure 2

Kir2.1 overexpression and /k; suppression. The average Ba?*-sensitive /x; density was increased in Kir2.1-transduced cells (b and e; n = 10)
and decreased in Kir2.1AAA-transduced cells (c and f; n = 9) compared with control cells (aand d; n = 7).
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277.2 £ 10.1 ms, n = 24 in the overexpressed, suppressed,
and control groups, respectively). Through correlation
analysis of APD parameters with Ix; density, we were
able to determine that Ix; does impact AP repolariza-
tion. Figure 4b and Figure 4c show the relationships
between APD and Ix; density (at -50 mV). There was a
significant correlation between APDys, (P = 0.004) and
APDgy (P = 0.002) and Ix; density. When Ix; was
increased through overexpression of Kir2.1, APDsg and
APDygg were shortened. When Ix; was decreased through
suppression of endogenous Ix; by Kir2.1AAA transduc-
tion, APDsp and APDgg were prolonged.

Influence of Ix; on phase 3 repolarization rate. As the impact
of Ix; on repolarization was more pronounced at APDqy
than at APDs, we further evaluated the repolarization
phase of APs. The rate of AP repolarization was quanti-
fied as the slope between APDsy and APDqy, as illustrat-
ed in Figure 4d using this equation: repolarization rate
= (voltage at APDs - voltage at APDyj)/(APDgoy - APDsp).
Kir2.1 overexpression did not significantly enhance
repolarization rate. However, Kir2.1 suppression reduced
the repolarization rate compared with that in control
cells (2.2 £ 0.2 mV/ms, n = 17;0.8 £ 0.2 mV/ms, n = 7;
1.9 £0.1 mV/ms, n = 24 in the overexpressed, suppressed,
and control groups, respectively). In addition, repolar-
ization rate correlated significantly (P = 0.002) with I
density: decreased Ix; resulted in a reduction in repolar-
ization rate (Figure 4d).

In order to determine which region of AP repolariza-
tion was most influenced by Ik, we evaluated dV/dt at
APDsg and at APDgo. There was no significant change in
dV/dt at APDs in either Kir2.1-overexpressed or -sup-
pressed cells (Figure 4e). In addition, dV/dt at APDs, did
not correlate significantly (P = 0.14) with Ix; density,
(-1.06 £ 0.12 mV/ms, n=17;-0.53 £ 0.05 mV/ms, n =7,
and -0.84 + 0.08 mV/ms, n = 24 in the overexpressed,
suppressed and control groups, respectively).

Ixy did determine dV/dtat APDgg (-3.65 £ 0.27 mV/ms,
n=17,-0.97 + 0.20 mV/ms, n = 7; and -2.93 + 0.18
mV/ms, n =24 in the overexpressed, suppressed and con-
trol groups, respectively), as indicated by the strong cor-
relation between dV/dt at APDy and Ix; density at -50
mV (P <0.0001; Figure 4f). Thus, acceleration of termi-
nal repolarization by Kir2.1 overexpression and deceler-
ation of repolarization by Ik, suppression became promi-
nent beyond the point of APDsy. Although not
statistically significant, the mean dV/dt data at APDs,
show a trend that is indicative of the prominent effects
observed at APDyy.

Ik density determines myocyte electrical phenotype. To test
whether the electrical phenotype of individual myocytes
was dependent upon the Ix; expression level in each cell,
we compared I; densities in control, Ix;-overexpression,
and Ix;-suppression cells in which APs were also record-
ed. The individual current measurements plotted in Fig-
ure 3 define a specific range of Ix; density within each
group of cells. Ix; densities in control cells were scattered
evenly between 1.7 and 3.7 pA/pF (Figure 3a). In the over-
expressed group (Figure 3b), Ix; density ranged from 2.8

to 12.0 pA/pF, with some clustering around the mean
(5.8 £ 0.9 pA/pF). Measurements of Ix; density in long
QT-phenotype Kir2.1AAA myocytes ranged from a low
of 0.4 pA/pF to a high of 1.3 pA/pF (Figure 3c). Further-
more, as we reported previously, when Ix; was suppressed
below 0.4 pA/pF, all Kir2.1AAA myocytes exhibited spon-
taneous APs (5). Thus, the precise level of I; current
expressed in each cell determines the electrical phenotype
and AP morphology of the ventricular myocyte.
Electrocardiogram recordings: influence of Ix; on QT interval.
To define the global effects of Ix; overexpression and
suppression in vivo, we recorded surface electrocardio-
grams in lightly anesthetized animals. At 72 hours after
injection and stimulation with GS-E, the QTc (calculat-
ed with the Hayes’ square-root correction formula; see
Methods for details) was significantly abbreviated in the
Kir2.1-transduced animals (Figure 5a) compared with
measurements made in the same animal immediately
after surgery (159.1 + 2.5 ms vs. 146.8 + 2.1 ms, n = 4,
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Figure 3

AP phenotype is determined by /s density. (a) Stable APs evoked by

depolarizing external stimuli in control myocytes. (b) APs reco
in overexpressed myocytes with a robust /; are abbreviated. (
Kir2.1AAA-transduced myocytes with moderately depressed /x;

rded
c)lIn
, APs

with a long-QT phenotype were evoked. The actual /k; density meas-
urements from the individual myocytes comprising each group are

plotted to the right of each AP waveform.
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P <0.005 by paired ¢ test). No arrhythmias were observed
in any of the four animals studied in the overex-
pressed group. The opposite effect was seen in
Kir2.1AAA-transduced animals (Figure 5b): the QTc
interval was significantly prolonged due to in vivo
suppression of Ix; (155.3 £ 3.5 ms vs. 181.2 + 4.3 ms,
n=3,P<0.05 by paired t test).

Electrocardiography of animals in the suppressed
group revealed two phenotypes in vivo. Three of five
Kir2.1AAA-transduced animals maintained normal
sinus rhythms despite significant QT prolongation.
However, as we reported previously, two animals with
more severe Ix; suppression exhibited an altered cardiac
rhythm indicative of spontaneous ventricular foci (5).
The in vivo Kir2.1AAA phenotypes correspond well to
the distinct cellular long-QT phenotype (Figure 3c) and
pacemaker phenotype, as previously identified by
Miake et al. (5). The abbreviation and prolongation of
the QTc interval by Kir2.1 overexpression and Ix; sup-
pression correspond well to the AP abbreviation and AP
prolongation observed at the cellular level. There was
no difference in the QTc interval recorded immediate-
ly after surgery between the overexpressed and sup-
pressed groups of animals (P =0.74).

In summary, in vivo manipulation of Kir2.1 expres-
sion significantly modified Ix; in ventricular myocytes.
The most pronounced effects of our modulation of Ix;
at the cellular level were modification of APD, repolar-
ization rate, and the determination of RMP. Similarly,
in vivo effects were observed as abbreviation and pro-
longation of the QTc interval. In conclusion, our
results, obtained through direct experimentation,
establish that I'x; plays an essential role in ventricular
excitability: rapid terminal repolarization and mainte-
nance of a stable and polarized RMP.

Discussion

Ix; vegulates cardiac excitability. Kir channels have been
believed to contribute to cellular excitability and to
be the primary determinants of RMP by encoding Ix;.
However, it has not been demonstrated that aug-
mentation and reduction of Ix; via manipulation of
Kir2.1 expression directly modifies RMP and regu-
lates cardiac excitability. Furthermore, there has been
no quantitative analysis of the relationships between
Ix: and RMP or repolarization. Previous investiga-
tions have used several strategies for modification of
Kir2.1, including a Kir2.1- (and Kir2.2-) knockout
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mouse (24), antisense oligonucleotide targeting of
Kir2.1 (25), and transfection of plasmid with a dom-
inant-negative construct (21).

These studies may have helped to define the role of Ix;
in cardiac excitability. In the knockout mouse, however,
an accurate functional assessment of Kir2.1 in adult ani-
mals was not possible because the Kir2.1 deficiency
proved to be lethal shortly after birth. As a result, the
consequences of the Ix; deficit in the heart (QT prolon-
gation without any occurrence of arrhythmias) could be
evaluated only in newborn Kir2.1-knockout mice (24).
Interestingly, most ventricular myocytes isolated from
the Kir2.1-knockout mice were unable to maintain a nor-
mal, polarized resting potential without the injection of
exogenous hyperpolarizing current. The discrepancy
between the unstable cellular phenotype and the in vivo
electrical phenotype in that study remains unexplained.
Manipulation of Ik, in the opposite direction (enhance-
ment) has not previously been reported. The lack of
pharmacologic tools to specifically block or enhance Ix;
has also contributed to the paucity of biological data to
assess the role of Ix; in cardiac excitability. In this study
we used in vivo delivery of adenoviruses as a gene trans-
fer strategy for modification of Ix;. This allowed us to
investigate the role of Ix; by studying freshly isolated ven-
tricular myocytes from an adult animal with augment-
ed or diminished Ix; density. We establish through direct
experimentation that Ix; expression level does modify
the RMP and modulate cardiac excitability.

We observed that overexpression of Kir2.1 signifi-
cantly increased Ik; density, and conversely, overex-
pression of the dominant-negative Kir2.1AAA signifi-
cantly decreased Ix;. Additionally, we demonstrated
that I, overexpression significantly hyperpolarized the
RMP, and conversely, Ix; suppression significantly
depolarized RMP. Interestingly, when RMP and Ix;
density data were obtained in the same cell, RMP was
well correlated with Ix; density. Thus, Ix; regulates car-
diac excitability by controlling diastolic RMP.

We also investigated the effect on APD of manipulat-
ing Ix; magnitude. Overexpression of Kir2.1 shortened
APDs and APDyg, and conversely, I, suppression, pro-
longed APDy, but not APDsy. Furthermore, both APDsy
and APDg, were well correlated with Ik, density, as
shown by regression analysis (see Figure 4, b and c).
However, the relationship between APDyg and Ik; den-
sity was stronger and more significant than that
between APDsj and Ix; density (Figure 4, e and f). In this
study, repolarization rate and dV/dt at APDgy were
determined by outward Ix;. However, dV/dt at APDsy
was not significantly affected (although a trend may be
noted). We believe that our manipulation of Ix; density
had a comparatively greater impact on APDgg than on
APDysg because outward Ix; is larger at voltages in the
vicinity of APDgg than near APDs (see Figure 2; note the

we have determined that I, regulates cardiac excitabil-
ity by contributing significant repolarizing current dur-
ing the terminal phase of the cardiac AP.

I, establishes AP phenotype. We observed the prominent
influence of Ix; expression on AP morphology by com-
paring the electrical behavior of the Ix;-suppressed cells
to that of their control or Kir2.1-overexpressed coun-
terparts. During current-clamp recordings, all of the
control and Kir2.1-overexpressed cells were quiescent
and well polarized. Meanwhile, APs stimulated in
approximately 32% of Kir2.1AAA-transduced myocytes
took on a long-QT phenotype, and as noted in our pre-
vious report (5), the balance of the Kir2.1AAA-trans-
duced cells exhibited spontaneous APs due to more
intense Ix; suppression (5). Due to the reduction in Ixj,
the RMP of the ventricular myocytes is less firmly
clamped to voltages near the potassium equilibrium
potential, and once voltage-activated K* channels have
closed, any net depolarizing current is left relatively
unopposed to initiate spontaneous depolarization.
Compared with control cells, Ix; was significantly larg-
er in Kir2.1 overexpressed cells with abbreviated APs and
was significantly smaller in suppressed cells with long
QT-phenotype APs. Furthermore, we have defined
threshold levels of outward Ix; (at -50 mV) necessary for
awell-polarized RMP (>0.4 pA/pF) and normal AP mor-
phology (>1.7 pA/pF). Thus, Ik establishes the charac-
teristic AP phenotype in ventricular myocytes.

Ix; modifies electrocardiogram manifestation. The dramat-
icimpact of I; overexpression to abbreviate APD and of
Ik, suppression to prolong APD in individual myocytes
gave good reason to predict that the QTc interval might
be similarly altered via global transduction of the heart.
The QTc intervals were consistently abbreviated by
Kir2.1 overexpression and prolonged by Ix; suppression
relative to baseline. These observations were considered
to be the global phenomena corresponding to the abbre-
viated APs and long QT-phenotype APs observed in the

a Overexpression
Baseline After 72 h
‘\RR: 200.0, |RR:218.0
If |
Lead Il || )
QTm: 150.0 QTm: 120.0
QTc: 161.7 ms QTc: 148.9 ms
% change: -7.9%
100 ms
b Suppression
Baseline After 72 h
[RR:195.0 ‘ 'RR:210.0
[ | | | |
Lead Il ’ 1“ N R = - | Ve I P | e
QTm: 140.0 \ QTm: 168.0' -
QTc: 152.9 ms QTc: 183.9 ms

% change: 20.3%

100 ms

Figure 5

characteristic outward hump in the I-V relationship).
This prominent inward rectification of Ix; results from
voltage-dependent block of the channel pore by cyto-
plasmic polyamines (26). Based upon our APD results,

Electrocardiograms before and after gene transduction. (a) QTc inter-
vals were abbreviated in overexpressed animals at 72 hours after
Kir2.1 transduction. (b) In three of five suppressed animals, QTc inter-
vals were prolonged at 72 hours after transduction of Kir2. 1AAA.

The Journal of Clinical Investigation | May2003 | Volume11l | Number 10 1535



1536

overexpressed and suppressed myocytes, respectively.
The QTc prolongation seen in Kir2.1-suppressed ani-
mals supports the clinical observations made with
Andersen syndrome (3, 4). This is especially relevant
since conditions that favor AP prolongation are also pre-
requisite for the development of early afterdepolariza-
tions (27), which are presumptive triggers for ventricu-
lar arrhythmias (28). In fact, we reported that the
increased automaticity in the suppressed myocytes was
sufficient to supersede the normal pacemaker role of the
sinoatrial node in two Kir2.1AAA-transduced animals
(5). Our in vivo results verify that our manipulation of
Ix1 density was not only sufficient to alter the cellular
electrical behavior, but our transduction efficiency was
sufficiently widespread to induce parallel global effects.
Clinical implications. Using dominant-negative sup-
pression of Kir2 channels, we reproduced some of the
clinical observations in heart failure and Andersen syn-
drome, namely, reduced Ix; expression and QT prolon-
gation. It is important to note that in our experiments,
as in Andersen syndrome, Kir2.1 dominant-negative
mutations should suppress function of homomeric
and heteromeric Kir2 channels comprised of Kir2.1,
Kir2.2, and Kir2.3 subunits (21). In contrast to the
results we obtained using the dominant-negative
Kir2.1AAA, the complex phenotype of Andersen syn-
drome may arise because specific mutations may also
affect coassembly of Kir2 subunits into homomeric or
heteromeric channels in addition to suppressing chan-
nel function (21). Our experiments provide evidence
that the long-QT phenotype seen in Andersen syn-
drome can arise as a direct consequence of dominant-
negative suppression of Kir2 channel function. Our
results at the cellular level help us to understand the
mechanisms underlying the clinical manifestations of
these diseases. Genetic suppression of Ix; decelerates
cellular AP repolarization, prolongs APD, and depolar-
izes and destabilizes RMP. Lastly, our results provide
mechanistic insight with which to design new phar-
macologic- and genetic-based therapies for diseases
resulting in whole or in part from a reduction in Ix;.
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