Research article

Mechanisms of cardiac arrhythmias and
sudden death in transgenic rabbits
with long QT syndrome

Michael Brunner,' Xuwen Peng,? Gong Xin Liu,2 Xiao-Qin Ren,2 Ohad Ziv,2 Bum-Rak Choi,3
Rajesh Mathur,' Mohammed Haijjiri,2 Katja E. Odening,2 Eric Steinberg,? Eduardo J. Folco,*
Ekatherini Pringa,® Jason Centracchio,® Roland R. Macharzina,' Tammy Donahay,3
Lorraine Schofield,® Naveed Rana,3 Malcolm Kirk,2 Gary F. Mitchell,5 Athena Poppas,3
Manfred Zehender,! and Gideon Koren3

Innere Medizin |1l — Kardiologie und Angiologie, Universitatsklinikum Freiburg, Freiburg, Germany.
2Department of Comparative Medicine, Pennsylvania State University College of Medicine, Hershey, Pennsylvania, USA.
3Cardiovascular Research Genter, Division of Cardiology, Department of Medicine, Rhode Island Hospital,
Warren Alpert Medical School of Brown University, Providence, Rhode Island, USA. Cardiovascular Division,
Brigham and Women’s Hospital, Harvard Medical School, Boston, USA. 5Cardiovascular Engineering Inc., Waltham, Massachusetts, USA.

Long QT syndrome (LQTS) is a heritable disease associated with ECG QT interval prolongation, ventricu-
lar tachycardia, and sudden cardiac death in young patients. Among genotyped individuals, mutations in
genes encoding repolarizing K* channels (LQT1:KCNQ1; LQT2:KCNH?2) are present in approximately 90% of
affected individuals. Expression of pore mutants of the human genes KCNQ1 (KvLQT1-Y315S) and KCNH2
(HERG-G628S) in the rabbit heart produced transgenic rabbits with a long QT phenotype. Prolongations of
QT intervals and action potential durations were due to the elimination of I, and Ik, currents in cardiomyo-
cytes. LQT2 rabbits showed a high incidence of spontaneous sudden cardiac death (>50% at 1 year) due to
polymorphic ventricular tachycardia. Optical mapping revealed increased spatial dispersion of repolariza-
tion underlying the arrhythmias. Both transgenes caused downregulation of the remaining complementary
I, and I, without affecting the steady state levels of the native polypeptides. Thus, the elimination of 1
repolarizing current was associated with downregulation of the reciprocal repolarizing current rather than
with the compensatory upregulation observed previously in LQTS mouse models. This suggests that mutant
KvLQT1 and HERG interacted with the reciprocal wild-type o subunits of rabbit ERG and KvLQT1, respec-
tively. These results have implications for understanding the nature and heterogeneity of cardiac arrhythmias

and sudden cardiac death.

Introduction

The long QT syndrome (LQTS) is a familial, usually autosomal
dominant disease, characterized by prolongation of the QT inter-
val in the surface ECG, spontaneous polymorphic ventricular
tachycardia (VT, often termed torsade de pointes [TdP]), and sudden
cardiac death in young patients (1-3). At least 9 different forms of
the disease have been described so far, but in the vast majority of
successfully genotyped patients, the underlying causes are muta-
tions in the voltage-gated K* channels, either in the KQT-like sub-
family, member 1 (KCNQI), causing LQT1, or in the voltage-gated
K* channel, subfamily H, member 2 (KCNH2), causing LQT2, and
a dominant negative mechanism has been suggested in many of
these mutations (4-7). In these patients, ventricular arrhythmias
and sudden death are often triggered by emotional stress and/or
physical exercise (e.g., swimming). In female LQTS patients, an
increase in the incidence of arrhythmias has been reported with

Nonstandard abbreviations used: APD, action potential duration; EAD, early
afterdepolarization; I, inward rectifier current; Ix,, rapidly activating delayed recti-
fier K* current; I, slowly activating delayed rectifier K* current; I, transient outward
current; LMC, littermate control; LQT1, LQTS, type 1; LQTS, long QT syndrome;
B-MyHC, B-myosin heavy chain; NZW, New Zealand white; QTexp, genotype-specific
expected QT interval at a given heart rate; SCD, sudden cardiac death; VF, ventricular
fibrillation; VT, ventricular tachycardia.
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menses and during the first months postpartum (2, 8). Besides
symptomatic treatment with beta blockers, which reduces the fre-
quency of arrhythmias, and the implantation of automated defi-
brillators to terminate the fatal arrhythmias, no causal therapy is
currently available (2, 9).

In experimental studies, transgenic mouse models of the LQTS
(10-14) have shown at the cellular level that dominant negative
mutations in genes coding for repolarizing K* channels lead to a
prolongation of the duration of the action potential, with a vari-
able incidence of early afterdepolarizations, regional electrical
heterogeneities, and reentrant arrhythmias (10, 15-18). Moreover,
the phenotype of mice expressing pore mutant dominant nega-
tive transgenes in the heart was similar to that of the knockout
of the targeted channel (10, 15-18). Of note, the downregula-
tion of the K* currents was associated with electrical remodeling
characterized by upregulation of other K* currents (14, 16, 17). In
the mouse, however, the main repolarizing currents are carried
by different channels compared with humans, which limits the
applicability of studies in the mouse to human patients (19). In
contrast, the rabbit heart bears marked similarity to the human
heart (20), and the same K* currents — namely the rapidly acti-
vating component (Ix,) and the slowly activating component (Ix,)
— determine the repolarization of the action potential. Thus, the
rabbit represents a more physiologically relevant model system to
study diseases affecting these channels.
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Figure 1

Transgenic constructs and expression studies. (A) Schematic drawings of the mutations (top) in KvLQT1 (left) and HERG (right) polypeptides
and transgenic constructs (bottom). (B) PCR of genomic DNA of the founders: + and — denote positive control (constructs) and negative control.
Numbers correspond to animals. Rabbits 2 (for KvLQT1) and 33 (HERG) tested positive. (C) Southern blot analyses of genomic DNA. Numbers
in brackets indicate rabbit numbers. The sizes of the inserts incorporated into the rabbit genome (right panel) were identical to those of the
plasmids (left panel). (D) Left panel shows Western blots of membrane lysates of CHO cells transfected with empty vector (control), KvLQT1,
KvLQT1-Y315S, HERG, and HERG-G628S, and heart lysates from LMC, LQT1, and LQT2. Right panels show IP with anti-FLAG antibody of
LMC, LQT1 (KvLQT1-Y315S), and LQT2 (HERG-G628S) crude heart lysates probed with anti-HERG and anti-KvLQT1 antibodies, respectively.
The apparent molecular weight is 75 kDa for KvLQT1 and 135 kDa and 155 kDa for HERG. (E) Crude heart membranes were prepared from
sections (LV and septum [S]) of LMC, LQT1, and LQT2. 200 ug samples were immunoblotted with polyclonal HERG antibody (top) and mono-
clonal KvLQT1 antibody (bottom). Crude membranes from CHO cells transfected with HERG and KvLQT7 cDNA served as positive controls.
Anti-HERG antibody reacted with a 155-kDa polypeptide representing the endogenous RERG expression in LMC and LQT1 hearts. The anti-
KVLQT1 mAb detected a 75-kDa band representing the endogenous rabbit KvLQT1 channel polypeptides in LMC and LQT2 hearts. Upper right
panel shows crude membranes from LQT2 or LQT1 rabbit hearts, which were reacted with either anti-FLAG mAb (right lane) or mouse IgG (left
lane). Anti-HERG antibody detected a 155-kDa polypeptide, while 1gG failed to precipitate this peptide. Lower right panel shows anti-KvLQT1
mAb, which reacted with a 75-kDa band while IgG failed to precipitate it.
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Phenotypic characterization in sedated animals. (A) Sample ECGs (lead Il) of the founders and an LMC rabbit with midazolam sedation (2 mg/kg,
i.m.). Note the markedly prolonged QT interval and the lack of an isoelectric T-P line in both transgenic rabbits. (B) QT/RR relationship (mean
of all 12 leads per animal) under midazolam sedation in the 2 founder rabbits and 6 LMCs. Dotted lines denote the 95% confidence intervals of
the linear regression derived from the LMCs. (C) RR and QT intervals (mean of 12-lead surface ECG per animal) in ketamine/xylazine-sedated
male rabbits (n = 13 LMC, 9 LQT1, and 10 LQT2 animals). (D) Effect of isoproterenol on QT index in isoflurane-sedated LMC, LQT1, and LQT2
rabbits. Solid bars denote baseline (base); hatched bars denote isoproterenol (Iso). **P < 0.01.

Here we show that expression of pore mutants of the human genes
KCNQI (KvLQT1-Y315S) and KCNH2 (HERG-G628S) in the rabbit
heartunder the control of the rabbit B-myosin heavy chain (3-MyHC)
promoter produced LQT1 and LQT2 phenotypes in the rabbits,
respectively. Characterization of the rabbits revealed that prolonga-
tions of the QT interval and action potential duration at 90% repo-
larization (APDyg) were due to the elimination of Ik, and Ik currents,
respectively. Only the LQT2 phenotype was associated with sudden
cardiac death due to polymorphic VTs. Optical mapping studies
revealed that spatial dispersion
of repolarization underlies the
reentrant arrhythmias in LQT2
rabbits. Of note, we also observed

Table 1

downregulation of the remaining

Thus, both rabbit models were associated with downregulation rather
than with compensatory upregulation of the reciprocal repolarizing
currents. These observations suggest that mutated KvLQT1 and
HERG polypeptides might interact in vivo with the corresponding
WT a subunits of RERG and rabbit KvLQT1, respectively.

Results
Creation of transgenic LOT1 and LQT2 rabbits. To generate transgenic
rabbits, the FLAG-tagged KvLQT1-Y315S (21) and HERG-G628S

Baseline values of ECG parameters measured in sedated LMC, LQT1, and LQT2 rabbits

complementary I, and I, currents, RR (ms) PR(ms)  QORS(ms)  QTpeax (MS)  Tpeax—Tena(ms) QT (ms)

respectively. in cardiomvocytes LMC (n=13) 350.8+501 72562 50.0+43 1474:245 455:87 1919298

dq P 4 y,L T1and L YTZY b LQT1 (n=9) 350.0+102.0 722+44 478+44 194.0+401* 469+19.2 241.4+50.38
erived from LQTT and LQT2 rab- LQT2 (n=10) 356.0+46.0 70000 48.0:42 223.0:48.8° 404:116 264.3+51.3

bits as compared with those from

littermate control (LMC) rabbits. AP < 0.05, BP < 0.01 compared with LMC; P < 0.001 compared with LMC.
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Phenotypic characterization in awake, free-moving animals. (A) Sample telemetric ECGs (lead Il) of awake, free-moving male rabbits. (B) QT/RR
relationship in awake, free-moving rabbits recorded approximately every 20 minutes for 24 hours in 11 LMC, 8 LQT1, and 6 LQT2 male rabbits.
Lines indicate linear regression derived from the mean of all individual regression lines per genotype. (C) RR and QT intervals (mean of 72
telemetric measurements/animal during 24-hour monitoring) of awake, free-moving male rabbits. *P < 0.05.

(5) cDNAs (kind gifts from J. Barhanin, Institut de Pharmacologie
Moléculaire et Cellulaire, Valbonne, France, and M.C. Sanguinetti,
University of Utah, Salt Lake City, Utah, USA) were first cloned
under the control of the CMV promoter. The mutant cDNAs were
then cloned under the control of rabbit -MyHC promoters (22) (a
kind gift of J. Robbins, Children’s Hospital Research Foundation,
Cincinnati, Ohio, USA) linked to the human growth hormone
polyadenylation signal at the carboxyl terminus (Figure 1A). The
B-MyHC-FLAG-KvLQT1-Y315S (LQT1) or -MyHC-FLAG-HERG-
G628S (LQT?2) insert was isolated and used to inject rabbit embry-
os. The offspring were screened by PCR (Fig-
ure 1B). Three male founders were identified:
2 were positive for the HERG-G628S (LQT?2)
transgene; 1 died at the age of 1 week, and 1
was positive for the KvLQT1-Y315S transgene
(LQT1). Using Southern blots, the trans-
gene copy number per diploid genome was

Table 2

T
estimated by comparing the intensity of the ar (ms)
hvbridizati . LMC 229 + 31

ybridization band with that of the control. LaT1 22239
LQT1 (KvLQT1-Y315S) rabbits ranged from LQre 307 N 61

1-2 copies and LQT2 (HERG-G628S) ranged
from 2 to 3 copies (Figure 1C). Expression
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studies in CHO cells demonstrated that both mutations coded
for polypeptides that migrated similarly to the WT polypeptides
(Figure 1D). Immunoblot analyses of crude membrane extracts
derived from the hearts of these animals revealed that the corre-
sponding transgene polypeptides were detectable with anti-FLAG
antibody (Figure 1D). Immunoprecipitations of these polypep-
tides with anti-FLAG antibody followed by immunoblots with
the specific antibodies (Figure 1D) revealed similar-sized reactive
polypeptides. Of note, most of the KvLQT1-Y315S polypeptides
aggregated and formed a large complex that migrated very slowly

Effect of isoproterenol on sedated animals

Baseline Isoproterenol

RR (ms) QT index QT (ms) RR (ms)  QT-index
383 +101 94 + 3% 20114 28532  97% 2%
338 £+ 41 99 + 3% 221 +£34 276 £33 116% + 4%
337+62 103 +3% 242 + 33 304 £47  89% + 3%B

AP = 0.002 compared with baseline; BP < 0.005 compared with baseline.
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Table 3
Echocardiographic data

N
=

175.9 £ 15.78 ms (ANOVA: P < 0.005;
LMC vs. LQT1, P < 0.01; LMC vs. LQT2,

Age (months) IVS (mm) PW (mm) LVD (mm)
LMC (n=10) 235x5.0 27+05 25+04 12313
LQT1 (n=8) 27.2+4.2 28+05 27zx05 12012
LQT2(n=9) 20649 24:02 23:02A 13117

P <0.05) (Figure 3C).

Linear regression of the QT/RR rela-
tion was performed for each animal,
and the resulting regressions were
averaged per genotype, resulting in the

LVS (mm)  EF (%)

7308 75743
73+10 740+48
79+12 737+52

AP < 0.05 LQT1 vs. LQT2; all other comparison, P = NS. EF, ejection fraction; IVS, intraventricular
septum thickness; LVD, LV diastolic diameter; LVS, LV systolic diameter; PW, posterior wall thickness.

(Figure 1D). Additional control experiments revealed that IgG did
not IP these peptides (Figure 1E). We have investigated the level
of expression of the endogenous channel polypeptides in crude
membrane heart extracts. The results showed that the antibodies
cross-reacted with the native peptides and that the steady-state
level of KVLQT1 polypeptides expressed in the free wall and sep-
tum of LQT2 rabbits and RERG polypeptides in LQT1 rabbits was
similar to those of LMC rabbits. Thus, the overexpression of the
transgene polypeptides did not suppress the expression level of the
native polypeptides (Figure 1E).

Phenotypic characterization. At the age of 4-5 months, the positive
founders and age- and sex-matched littermates (2 male positive
founders and 6 male controls) were characterized phenotypically
with a 12-lead surface ECG. The transgenes caused a marked QT
prolongation with an abnormal T wave morphology (Figure 2A) and
an altered QT/RR relationship (Figure 2B). These founders were then
crossbred with WT New Zealand white (NZW) (WT) rabbits, and the
vertical transmission of the transgenes was confirmed by PCR of
their genomic DNA extracted from ear biopsies of their offspring.

Using the offspring of the founders (F2-F3 generation), we
recorded 12-lead surface ECGs in 13 LMC, 9 LQT1, and 10
LQT2 animals sedated with ketamine/xylazine. Baseline data of
the major ECG parameters are presented in Table 1 and Figure
2C. In transgenic rabbits, the QTpex and total QT interval were
significantly prolonged, with no significant difference in either
Tpeak—Tend duration or the RR intervals or QRS
and PR duration.

Awake, free-moving animals (11 LMC, 8 LQT1,
and 6 LQT2 males) were monitored telemetrically
after at least 3 weeks of recovery from the surgical
implantation of the transmitter (Figure 3A). Figure
3B displays the QT/RR relationship of all measured
QT/RR pairs in these animals. The mean RR inter-
val was 299.3 + 26.4 ms in LMC, 302.3 + 32.4 ms
in LQT1, and 280.7 + 13.2 ms in LQT2 animals
(P=NS). The mean QT intervals were significantly
different in LMC and transgenic animals: LMC,
152.7 £11.2 ms; LQT1, 176.6 + 17.3 ms; and LQT?2,

20x

Figure 4

Histology of transgenic and LMC animals. Sample
H&E-stained histological sections of the middle of the
LV free wall. Left panels, LMC; middle panels, LQT1
rabbit; right panels, LQT2 rabbit. Original magnifica-
tion, x10 (top panels); x20 (middle panels); x40 (bot-
tom panels). Scale bars: 10 um. Boxes in the top row
indicate areas of further magnification shown in the
middle and bottom rows.

40x%
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equation for QT intervals of LMCs:
QT_LMC = 86 + 0.22*RR. The slope
of similar regressions for LQT animals
was steeper in LQT1 (QT_LQT1 =80 +
0.32*RR; P < 0.05 vs. LMCs) and more
marked in LQT2 animals (QT_LQT2 = 35 + 0.50*RR; P < 0.001
vs. LMCs), reflecting a more pronounced QT prolongation of the
LQT2 rabbits at slow heart rates (Figure 3B).

To determine the genotype-specific drug response and the
arrhythmogenic effect of sympathomimetic stimulation, we
treated LQT rabbits and LMCs with isoproterenol. Adult male
LQT1 (n=11),LQT2 (n=9),and LMC rabbits (n = 6) were exposed
to the f-adrenoceptor agonist isoproterenol (0.1-0.2 ug/min
continuously i.v. under general anesthesia with isoflurane. Con-
sistent with observations during clinical electrophysiological
studies in human LQTS patients that did not show spontane-
ous polymorphic VT or inducibility for sustained ventricular
arrhythmias with isoproterenol (23), none of the LQT1, LQT2,
or LMC rabbits developed spontaneous polymorphic VT under
B-adrenergic stimulation with isoproterenol. Interestingly, as
seen in human LQT1 patients (24-26), the absolute QT inter-
val duration did not shorten under isoproterenol stimulation in
LQT1 (baseline: 222 + 39 ms, vs. isoproterenol: 221 + 34 ms) rab-
bits, although the heart rate increased (baseline: 338 + 41 ms vs.
isoproterenol: 276 = 33 ms; P < 0.0001). This is in contrast with
a catecholamine-induced shortening of the absolute QT-inter-
val duration in LQT2 (baseline: 307 + 61 ms, vs. isoproterenol:
242 + 33 ms; P < 0.05; Table 2). To assess heart-rate-corrected
isoproterenol-induced changes in the QT interval, we established
genotype-specific heart-rate-correction formulas for the QT

LQT1

LMC

LQrz2

Volume 118  Number6  June 2008



A Kaplan Meier Survival
100+ —+~LQaT1
——=LMC
90-
B804
704
%
3“-
50..
——LQT2
404
30- P<0.0001
20 T T T T T 1
0 100 200 300 400 500 600
Age (d)
C

research article

i aimnLe T
I —

60
ll"wlﬂL\i! \ ..\\ I.'\J\_j\ 40 3
et pN
25 ———— N -20 g

Figure 5

Sudden death and spontaneous arrhythmias. (A) Kaplan-Meier survival curve of 51 LMC, 26 LQT1, and 34 LQT2 rabbits. (B) Sample ventricular
extrasystoles (bigeminy) with R-on-T phenomenon in the LQT2 founder rabbit during ECG (leads |, 11, 1ll) recording with midazolam sedation.
Asterisks denote ventricular extrasystoles. This rabbit died suddenly approximately 2 weeks after this recording. (C) Telemetric recording of a
polymorphic VT leading to the death of a LQT2 rabbit. The torsade is initiated by repetitive short-long-short sequences due to ventricular extra-
systoles. (D) Spontaneous polymorphic tachycardia in a ketamine/xylazine-anesthetized rabbit. Top panel shows ECG lead Il. Bottom panel

shows simultaneous arterial pressure recorded from the ear artery.

(QTexp) under isoflurane (Ix, blocker): LMC: QTexp = 92 + 0.40
* RR; LQT1: QTexp = 74 + 0.42 * RR; LQT2: QTexp = 76 + 0.65
* RR. The QT index was calculated as follows: percentage of QT
observed/QT expected. We observed a significant isoproterenol-
induced prolongation of the heart-rate-corrected QT index in
LQT]1 rabbits. In contrast, in LQT2 rabbits, we observed a signifi-
cant shortening of QT index (Figure 2D), demonstrating a differ-
ential pharmacogenomic effect of the drug in these LQT rabbits.
Due to the length of the procedure, all rabbits were anesthetized
with the Ik, blocker isoflurane (27). Consequently, we observed
a blunted response to isoproterenol in LMC rabbits without the
expected QT shortening.

Echocardiography was performed in 8-10 rabbits from each
group. LQT?2 animals were younger than LQT1 animals (20.6 + 4.9
months vs. 27.2 + 4.2 months; P < 0.05), but neither transgenic
group was significantly different from LMC (23.5 + 5.0 months).
No difference in LV ejection fraction, LV wall thickness, LV diam-
eter, and intraventricular septum thickness was found in trans-
genic animals compared with LMC rabbits. However, the poste-
rior wall in LQT2 animals was slightly thinner compared with
LQT1 animals but not LMC animals, likely due to their younger
age (Table 3). Minor valve insufficiencies of the tricuspid, pul-
monary, and mitral valves were seen in 3-5 animals per group; no
other abnormalities were detected.
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Staining of LMC and transgenic hearts with H&E revealed
normal myocardium in all 3 groups without myofibrillary dis-
array, fibrosis, or other morphologic changes in the transgenic
rabbit hearts (Figure 4).

Incidence of arrhythmias and sudden death in transgenic rabbits. We
used the Kaplan-Meier method to estimate survival free of sud-
den death (defined as any death without an obvious noncardiac
cause) of LMC and transgenic rabbits. Rabbits in this cohort did
not undergo instrumentation or surgery, were handled only for
routine animal care, and were mated to generate offspring. The
survival of 26 LQT1 and 34 LQT2 rabbits was compared with
that of 51 LMC rabbits, with an average follow-up of 288 + 126.8
days for LMC animals, 340 + 104.6 days for LQT1 animals, and
266 + 118 days for LQT2 animals. One sudden death occurred
in LMC controls vs. none in the LQT1 rabbits (P = NS) vs. 14
deaths in the LQT2 group (P < 0.0001) (Figure 5A). No sex dif-
ferences were seen in the mortality rates of the groups. Sudden
death was precipitated in some animals by stress (mating and
handling) or by lactation in females.

The reasons for sudden death were further defined by implant-
ing ECG transmitters in an additional 10 LMC, 9 LQT1, and 7
LQT2 male rabbits and continuously monitoring the animals
for arrhythmias: 2 of 7 LQT2 animals died of spontaneous poly-
morphic VT (Figure 5C) versus none of the LMC or LQT1 ani-
Volume 118 2251
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Figure 6

Cellular electrophysiology. (A) APD of rabbit ventricular myocytes. Left panel shows typical action potential recordings (0.1 Hz) from LMC,
LQT1, and LQT2 rabbits. Right shows averaged APD (APDgo, mean + SEM) of LMC (354.05 + 30.07 ms, n = 22), LQT1 (499.88 + 45.71 ms,
n = 14), and LQT2 rabbits (533.14 + 54.22 ms, n = 14); *P < 0.05. (B) Isolation and quantification of /x, and Ixs. Left panel shows original
recordings of control, LQT1, and LQT2 rabbits as indicated. After a recording without drugs (a), the cells were perfused with 5 uM E-4031
(b) and I« was defined as the E4031-sensitive current (d). Secondary to E4031 application, the cells were further perfused with 30 uM
chromanol 293B (c) and /ks was defined as chromanol-sensitive current (e). Right panels shows quantification of /x, and /xs. Current ampli-
tudes measured at the end of repolarization (/s or /) and the peak of the tail (/xs tail or I« tail) were plotted against membrane voltages.
All currents were normalized to cell capacitance. Open circles depict control myocytes (n = 20 from 6 rabbits), filled circles depict LQT1
myocytes (n = 17 from 5 rabbits), and filled triangles depict LQT2 myocytes (n = 12 from 3 rabbits). The downregulation of /. (in LQT1) or
Iks (in LQT2) was significant compared with controls (P < 0.05 by 2-way ANOVA). (C) I, current and /s currents. Standard current-voltage
relationship (IV curve) of I, (left panel) or quasi-IV curve of Ix; (right panel) revealed no significant differences in peak I, currents (n = 6-8)
or Ixs currents (right, n = 10-12) among LMC, LQT1, and LQT2 rabbits.
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mals during 4-6 weeks of monitoring. Additionally, spontane-
ous polymorphic VT was recorded in one LQT2 rabbit during
anesthesia, leading to a dramatic drop in blood pressure (Figure
5D) with prompt recovery after a spontaneous return to a nor-
mal sinus rhythm.

When analyzing 16 episodes of nonsustained and sustained poly-
morphic VT (in 3 male LQT?2 rabbits and 4 female LQT?2 rabbits),
we found no significant differences in the heart rate directly prior
to the onset of polymorphic VT episodes compared with baseline
(before polymorphic VT: 197.5 + 58/min, at baseline 218 + 39/min),
although in 3 of 16 polymorphic VT episodes, the preceding heart
rate was significantly slower (84/min, 138/min, 126/min). In 1 epi-
sode, the polymorphic VT was preceded by an episode of AV 2:1
block. All 16 episodes started with an R-on-T phenomenon;in 11
of 16, we observed short-long-short episodes initiating the poly-
morphic VT as has been described in human patients with acquired
and congenital LQTS (28). All episodes of polymorphic VT were
preceded by longer periods with multiple single premature ven-
tricular contractions or short nonsustained VTs, and 5 episodes of
polymorphic VT succeeded longer periods of ventricular bigeminy.
These findings suggest that early afterdepolarizations (EADs) play
a major role in the induction of arrhythmias.

Cellular electrophysiology of ventricular nryocytes. Action potentials
and various K* currents in myocytes isolated from the LV apex
were investigated. The action potential was significantly longer in
both LQT1 and LQT?2 rabbit myocytes compared with the controls
(Figure 6A). The averaged APDoy was 354.1 + 30.1 ms (n = 22) in
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LMC, 499.9 + 45.7 ms in LQT1 (n = 14), and 533.1 £ 54.2 ms in
LQT?2 (n = 14) animals (both P < 0.05 vs. LMC). To provide func-
tional correlates with molecular targets in the 2 animal models, we
first examined Ix. and Ik, currents in these myocytes. I, currents
were selectively abolished in cardiomyocytes derived from LQT1
hearts, whereas I, currents were selectively abolished in LQT2
hearts (Figure 6B). Further characterization of I, and Ik, (Figure
4B) revealed that the current densities of I, in LQT1 myocytes
and of I, in LQT2 myocytes were also decreased as compared with
the LMC currents. At +10 mV, for example, tail Ix, in LQT2 was
0.31 + 0.03 pA/pF as compared with 0.41 + 0.04 pA/pF in LMCs
(P < 0.05); tail I, in LQT1 animals was 0.28 + 0.01 pA/pF as com-
pared with 0.42 + 0.02 pA/pF in LMCs (P < 0.05). In contrast, the
current densities of the other 2 prominent K* currents, the tran-
sient outward (I,,) and the inward rectifier (Ix;), did not differ
among the LMC, LQT1, and LQT2 groups (Figure 6C).

Optical mapping of intact hearts. We next investigated the mecha-
nism of arrhythmias in LQT rabbits using optical mapping of Lan-
gendorff-perfused hearts maintained at 37°C. We found that the
AAPD (defined as the absolute difference between maximum and
minimum APD across the anterior epicardial surface) in LMCs was
23 +9 and in LQT1 rabbits was 18.0 = 6 ms. In contrast, AAPD
in LQT2 rabbits was 41 + 17 ms (P < 0.05). The increase of APD
dispersion in LQT2 rabbits suggests that nonuniformity of repo-
larization correlates with arrhythmogenesis. The APDs at differ-
ent stimulation cycle lengths and the dispersion of repolarization
(AAPD) are summarized in Figure 7, D and E.
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Activation maps of VF initiation in an LQT2 heart. (A) APD map. The red dotted line marks the interventricular septum. The APD map in LQT2
shows increased dispersion, mostly in the mid LV region. (B) Trace of action potentials during initial period of VF. (C) Series of activation maps
marked in panel B. Isochronal lines are drawn every 2-ms interval, and lighter color represents earlier activation. Panel no. 1 shows activation
pattern of the paced beat. The following beats (nos. 2 and 3) encounter conduction block where the APD is longer (see panel A). Therefore, the
LV activated via the apical free wall where APD is shorter and tissue is recovered from the previous beat. The next activation (no. 4) appears
from the RV and propagates toward the mid LV. A similar wave front (no. 5) encounters conduction block (red straight line) in the region where
APD is longer and forms a rotation (no. 6), initiating VF (no. 7 and no. 8). This initiation highlights APD dispersion as an important mechanism
in arrhythmia formation in this LQT2 model. (D and E) Traces and activation maps from LMC and LQT1 hearts. Traces and maps were taken
at the shortest cycle length that did not cause 2:1 block. Both LMC and LQT1 showed uninterrupted conduction from the stimulation sites to the
rest of the heart without rotation or conduction blocks.
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To test for inducibility of arrhythmias, hearts were stimulated
from LV epicardium at a cycle length (CL) equal to 350 ms initially,
and cycle lengths were reduced in 10-ms steps until either 2:1 block
or VT or ventricular fibrillation (VF) occurred. Most LMCs (n = 6
out of 7) and all LQT1 animals (» = 4 out of 4) were not induc-
ible by this method. However, VF was triggered by programmed
stimulation in most LQT2 rabbits (n = 3 out of 4; P < 0.05). One
LQT2 rabbit showed very long APDs and could not be stimulated
at a basic cycle length shorter than 350 ms. Pacing close to refrac-
toriness induced VT/VF in LQT2 rabbits; however, induction of
arrhythmia was not consistently seen at any specific paced heart
rate. Examination of VF initiation showed that a premature beat
during burst stimulation encountered refractoriness across an
area of enhanced dispersion of APD, causing unidirectional block
and consequently formation of reentry (see Figure 8 for details).
In contrast, LMC and LQT1 animals showed smooth conduction
without rotation or conduction blocks (Figure 8, D and E). Thus,
APD dispersion is a major mechanism underlying LQT2-related
arrhythmias (Figures 7 and 8).

Discussion

Transgenic and knockout mouse models have significantly
improved our understanding of cardiac excitation (19), but because
of significant differences in the length of the APD and the repo-
larization phase of the action potential of cardiomyocytes derived
from mice and humans, none of the previously available mouse
models fully emulates human LQTS (19). Unlike in the mouse
heart, the rabbit action potential is remarkably similar to the
human heart in that the same K* outward currents determine the
dynamics of the repolarization phase of the action potential. More-
over, the fibrillatory rotors resemble those of the human heart (29).
Here, we present the first transgenic rabbit models for the 2 most
common human LQTS, types 1 and 2. These rabbits were created
by expressing dominant negative K* channel o subunits cloned
from affected humans under the control of a rabbit B-MyHC (22,
30). We show that these mutated polypeptides consistently elimi-
nated the currents encoded by their respective WT proteins, pro-
ducing a dominant negative effect. Consequently, these constructs
caused a significant prolongation of the APD by selectively elimi-
nating Ik, (in LQT1 animals) and I, (in LQT2 animals). Further-
more, as opposed to the data from studies of various strains of
genetically modified mice (14, 16), our data show no compensatory
upregulation of other repolarizing currents in these rabbits.

Clinically, the elimination of I, and Ik has differential effects:
LQT1 rabbits show QT prolongation but neither spontaneous
arrhythmias nor an increase in sudden death. LQT2 animals have
amore pronounced QT prolongation at slow heart rates and show
both spontaneous arrhythmias and a significant increase in sud-
den death after the age of approximately 200 days, consistent with
the end of puberty in these animals. Additionally LQT2 females
exhibit a high incidence of sudden death during lactation, an
observation similar to the increased incidence of arrhythmias in
women with the LQT2 syndrome postpartum (8).

The QT/RR relationship was highly individual among our trans-
genic and LMC rabbits during telemetric monitoring — similar to
that in healthy human subjects (31). Therefore, we calculated indi-
vidual regression lines and averaged these per group. We used linear
regressions because nonlinear regressions did not yield markedly
better correlations, an observation that has similarities to studies
in humans (31). We are aware, however, that neither linear nor non-
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linear equations, such as Bazett formula, correct the QT interval
properly to all ranges of heart rates, an issue that has been widely
debated in the literature. Analysis of the QT/RR slope in the 2 trans-
genic lines and the controls revealed a pattern similar to that of the
QT/RR slope as observed in affected humans with a steeper QT/RR
relationship in LQT2 compared with LQT1 and LMC. This bears
striking similarity to the results of studies in humans using Holter
monitoring and exercise tests (32-34) in different populations.

Adult LQT2 patients have a higher risk of sudden death compared
with LQT1 patients, and the risk is increased in those with a longer
QT and in women (9, 35). LQT2 patients with a pore mutation have
the highest risk of arrhythmic events (36). Here, we show that LQT2
animals with a mutation in the pore region (HERG-G628S) have a
high incidence of spontaneous arrhythmias leading to sudden car-
diac death (SCD). In congenital or acquired human LQTS, increased
spatial dispersion of repolarization plays a major role in propagat-
ing and maintaining malignant arrhythmias (37, 38), and EADs due
to prolonged APD have been assumed to trigger these arrhythmias.
Experimental models in transgenic mice have shown increased apex-
to-base dispersion of repolarization underlying mouse arrhythmias
(17,39), and pharmacological LQT models in rabbits and dogs have
reproduced this finding as transmural dispersion of repolarization
in wedge preparations (40-43). Studies in experimental models (43,
44), in mathematical simulations (45, 46), and in affected humans
with LQTS (47) have demonstrated the occurrence of phase 2 and
3 EADs in vitro, in silico, and in vivo, hinting toward M cells and/or
Purkinje fibers as the origin of EADs (44, 46).

Here, we demonstrate an increased spatial dispersion of repo-
larization across the anterior epicardial surface as the electrical
basis for spontaneous malignant arrhythmias in LQT2 animals. In
contrast, LQT1 animals did not have increased dispersion, despite
a similar degree of APD prolongation. Thus, lack of spatial dis-
persion of repolarization correlates with absence of spontaneous
arrhythmias or sudden cardiac death. Moreover, further studies
into the mechanism of VF induction revealed that programmed
stimulation induced VF in LQT2 rabbits but not in LQT1 rabbits.
Importantly, imaging of the initiation of the arrhythmias (Figure 8)
demonstrated that when a premature beat encountered an area
of prolonged APD, conduction block occurred, resulting in wave
breakup and formation of reentry and VF. These events support
the notion that spatial dispersion of repolarization plays a key role
in the pathogenesis of VF in LQT?2 rabbits.

Additionally, all documented episodes of SCD in these animals
were induced by R-on-T extrasystoles, and most were preceded by
short-long-short sequences, a common mechanism of initiating
polymorphic VT in LQT patients (48). It has been suggested that
the initiating extrasystoles in short-long-short sequences repre-
sent phase 3 EADs (48). Our optical mapping data do not address
the mechanisms underlying the trigger of SCDs. EADs were rarely
observed under current experimental conditions of a retrogradely
perfused isolated heart preparation. Several groups used different
conditions in drug-induced LQT rabbit models to trigger EADs,
including bradycardia by AV node ablation, low K*, low Mg?*, and
adrenergic stimulation by a and/or f agonists (49-51). Further
studies are required to verify that these conditions can induce EADs
in the transgenic model of LQT and to investigate mechanisms of
EADs and their preferential locations, such as Purkinje or M cells.

In pharmacological rabbit models of LQTS2, abnormal calcium
release from the sarcoplasmic reticulum was shown to cause EADs
and trigger polymorphic VT in accordance with the hypothesis
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that Ca overload may underlie these arrhythmias (44). The involve-
ment of abnormal Ca?* handling in transgenic LQT2 rabbits is the
subject of ongoing investigations.

Rabbit I, and I are regionally differentially expressed, causing
regional APD differences after pharmacological block (52). Recently,
rabbits with AV-block and tachycardic or bradycardic pacing were
found to have QT prolongation due to differential downregula-
tion of repolarizing K* currents (53), which leads to differential
susceptibility for ventricular arrhythmias: whereas the combined
reduction of Ix; and Ik, was proarrhythmic, the downregulation of
Ix; alone was not. Additional pharmacological block of I, using
dofetilide caused polymorphic VT and death in these animals, sug-
gesting a crucial role of Ix, in the genesis of arrhythmias in these
rabbits. This supports our finding that the transgenic elimination
of Ik, alone in LQT1 does not result in spontaneous arrhythmias,
whereas the elimination of I, leads to spontaneous arrhythmias
and sudden death in LQT2 rabbits.

Cellular electrophysiology studies also showed that the pore
mutants specifically eliminated the targeted currents (Ix, in LQT1
cells and Iy, in LQT2 rabbits). In addition, we observed a remod-
eling effect associated with downregulation of the second major
repolarizing currents. Thus, I, is downregulated in LQT1 rabbits,
whereas I, is reduced in LQT2 rabbits. These effects were channel
specific, as the expression of either I, or Ix; was unchanged. Pull-
down experiments in our laboratory confirmed weak interactions
between KCNQ1 and KCNH2 polypeptides and also confirmed
that a small fraction of these peptides could be coprecipitated in
transient cotransfection experiments in CHO cells, similar to pre-
viously published studies (54). The lack of change in the steady
state level of these polypeptides suggests that abnormal process-
ing or trafficking to the membrane underlies the reduction in the
density of these currents. Taken together, these observations sup-
port the possibility that KCNH2 and KvLQT1 polypeptides inter-
act directly (or indirectly) in vivo and that a mutation of either
of these channels could have a dominant negative effect on the
other’s currents. These phenomena can explain the severe clinical
phenotype of the pore mutants in some LQTS patients (36, 55).
We propose that genetic models such as LQT2 rabbits may help
identify mechanisms of sudden cardiac death, while LQT1 rabbits
may serve as a sensitive assay system for detecting effects of drugs
on HERG in vivo.

Limitations. As with every transgenic model, results obtained in 1
species do not necessarily transfer into other species, even though
these models resemble the human phenotype of LQTS1 and
LQTS2 more than any of the previously available models. Addi-
tionally, we cannot exclude a nonspecific effect of the presence of
the transgene per se, as due to financial constraints, we did not
create transgenic control rabbits with an inert gene.

Methods
All animal studies were performed in accordance with the local guidelines
of the institutions and only after approval by the Institutional Animal Care
and Use Committee of Pennsylvania State University College of Medicine
and the Milton S. Hershey Medical Center, Hershey, Pennsylvania, USA, and
the Institutional Animal Care and Use Committee of Rhode Island Hospital,
Providence, Rhode Island, USA, in accordance with the NIH Guide for the Care
and Use of Laboratory Animals (NIH publication no. 85-23. Revised 1996).
Transgene construct. We obtained the well-characterized clone KvLQT1-
Y315S from J. Barhanin (21) and the well-studied mutant HERG-G628S
from M.C. Sanguinetti (5). The rabbit f-MyHC promoter was obtained
2256
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from the J. Robbins laboratory (22). The rabbit f-MyHC promoter con-
struct (10 kb; in pBlueScript II SK vector) was linearized with EcoRI as
the cloning site. The -PO, ends of the promoter-vector construct were
removed, and the purified PCR-generated K* channel cDNAs were ligated
to it. The recombinants were identified both by colony PCR and restric-
tion analysis. The error-free f-MyHC-FLAG-KvLQT1-Y315S (LQTS1) and
B-MyHC-FLAG-HERG-G628S (LQTS2) constructs were used for injection
into NZW rabbit embryos and implanted into foster mothers. Female NZW
rabbits were used as embryo donors after being injected i.v. with 120 U
of pregnant mare serum gonadotropin (PMSG) and 150 U of human cho-
rionic gonadotropin (hCG) on day 1 and day 4, respectively. The rabbits
were then mated with a fertile male on day 4 immediately prior to the hCG
injection. The recipient rabbits were mated with a vasectomized male at
the same time point as the donor rabbits. Embryos at single-cell stage were
harvested on day 5, injected with the transgene construct, and transplanted
to the oviducts of anesthetized recipient rabbits via laparotomy. The
entire procedure was performed while the animals were under appropriate
anesthesia and by the standard aseptic procedures. A total of 6 batches
of embryos (each containing approximately 12-15 fertilized oocytes) were
injected and implanted into foster mothers.

The generated offspring were screened with genomic DNA from ear
biopsies for the presence of the transgene. The forward primer used for
all PCR reactions was derived from the primer used from the f-MyHC:
5'-GAACCAGCTTCTTCCGCTCACTACAGGTACAG-3'. We used 2
reverse oligonucleotides for HERG: 5'-GGGCACATCCACCAGACATAG-
GAAGCAG-3" and 5'-CCCACCATGTCCTTCTCCATCACCACCTC-3',
with corresponding products of 400 and 487 bp. We used a common
reverse primer in the human growth hormone polyA signal to detect
KvLQT1 transgene: S'-CTTAATTTTATTAGGACAAGGCTGGTG-3'. The
2 forward oligonucleotides for KVLQT1 were 5'-CACATCACCCAGCCCT-
GCGGCAGTG -3' and 5'-AAGCCCTCACTGTTCATCTC-3', with corre-
sponding products of 222 and 399 bp. Offspring of founders were cross-
bred with WT NZW rabbits; vertical transmission was confirmed by PCR
of the subsequent generations and by ECG analysis.

Southern blot. As a KvLQT1 probe, a 222-bp PCR product was used for
LQT1 rabbit genotyping and as a HERG probe, a 400-bp PCR product
for LQT?2 rabbit genotyping was used. GAPDH ¢DNA control probe was
obtained from Clontech.

Genomic DNA was isolated from rabbit tissue using a standard method.
For each genomic Southern blot lane, 12 ug of genomic DNA was digested
overnight at 37°C with 40 U of EcoRI (Promega) in a 50-ul reaction with
a buffer supplied by the manufacturer. For control lanes, 0.3-3 ng of
pCDNA3 HERG or pCDNA3 KvLQT1 plasmid DNA was digested with
EcoRI. Digested DNA was electrophoresed on a 0.7% agarose gel with 1x
Tris-acetate EDTA (TAE) running buffer overnight at 1 V/cm. The DNA
was transferred onto GeneScreen Plus Hybridization Transfer Membrane
(NEN Biotechnology System) using a standard capillary method and incu-
bated at least overnight with 1 change of paper towels. The transferred DNA
was cross-linked to the membrane with CL-1000 UV crosslinker (UVP Inc.).
25 ng of each probe was labeled with 50 uCi of [0-**P]dCTP (3000 Ci/mmol;
PerkinElmer) using a random primer labeling kit from Stratagene. The
membrane was prehybridized for 30 minutes at 60°C in ExpressHyb
Hybridization Solution (Clontech) and hybridized in the same solution
with 1 to 2 x 107 cpm of each probe for 1 hour at 60°C. Blots were washed
3 times with 2x SSC + 0.05% SDS at room temperature for 10 minutes each
and 2 times with 0.1x SSC + 0.1% SDS for 20 minutes each at 60°C. Washed
blots were subjected to autoradiography, with exposure time varied from 16
hours to 72 hours. The blots were also visualized with a phosphoimager fol-
lowed by direct counting of the bands. The rabbit genomic DNAs were cut
with EcoRI, and the full length of the respective sections of the transgenes
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that code for KVLQT1-Y315S (2070 bp) and HERG-G628S (3519 bp) were
visualized by the indicated probes. The copy number of transgene in the
rabbit genome was calculated based on the assumption that the diploid
content of a rabbit genome is 7 x 10° bp (Entrez Genome Project, http://
www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=Retrieve&dopt
=Overview&list_uids=12818). Since 12 ug of genomic DNA was used for
each lane, 1 copy standard is equal to 3519 x 12 x 10-%/7 x 10° = 6.03 pg for
the HERG and 2070 x 12 x 107%/7 x 10° = 3.56 pg for KvLQT1. The intensity
of the hybridization band was compared with a corresponding standard
containing either 120 pg of HERG ¢cDNA or 83 pg of KvLQT1 cDNA.

Western blots and IP. Membrane preparation protocol was as follows: sec-
tions of snap-frozen heart were weighed (200 mg) and homogenized in 1 ml
of extraction buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, and
10% glycerol) with protease inhibitors (1836153; Roche) (HEB w/pi) using
a hand-held polytron. Samples were centrifuged at 4,000 g for 15 minutes
at 4°C. Supernatants were centrifuged at 100,000 g for 30 minutes at 4°C.
Resulting pellets were then suspended in 200 ul of HEB w/pi, aliquotted,
and kept frozen at -80°C.

The IP protocol was as follows: 150 ug membrane protein was brought
to 1 ml by adding HEB w/pi and Triton X-100 to a final concentration of
1% and agitated at 4°C for 1 hour. Unsolubilized fraction was removed
by centrifugation at 16,000 g for 30 minutes. Anti-FLAG antibody (2 ul)
(F-3165; Sigma-Aldrich) was added to the cleared supernatant and agitated
at 4°C for at least 1 hour. Protein A/G plus agarose (SC-2003; Santa Cruz
Biotechnology Inc.) was resuspended, and 100 ul was added to each IP and
incubated again with agitation at 4°C for at least 1 hour. Samples were then
centrifuged at 700 g for 1 minute to pellet the beads, after which the super-
natant was removed. Beads were washed 3 times with RIPA buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, and
0.1% SDS). Beads were then boiled for S minutes in 2x Laemmli sample buf-
fer (4% SDS, 20% glycerol, 100 mM Tris-HCI, pH 6.8, and 0.2% bromophenol
blue) and centrifuged for 2 minutes at 12,000 g at room temperature. The
remaining supernatant was loaded onto an acrylamide gel for SDS-PAGE.

Western blot protocol was as follows: protein samples were boiled at
100°C for 5 minutes, then loaded onto an 8% acrylamide/SDS gel and run at
55 mA for atleast 3 hours. The proteins were then transferred onto nitrocel-
lulose membrane (NBA085C; PerkinElmer) and remained overnightat 54 V
in a 4°C chromatography refrigerator. The membrane was stained with
Ponceau S to confirm protein transfer. Blocking was performed on a rocker
at room temperature in TBS/5% milk for 1 hour. Anti-FLAG antibody was
diluted at 1:1000 in TBS/5% milk. The membrane was then incubated in
the diluted antibody for at least 1 hour on a rocker at room temperature.
Washes were performed with TBS/0.5% Tween 3 times for at least 5 min-
utes. HRP-conjugated goat anti-mouse (62-6420; Invitrogen) was diluted in
TBS/5% milk at a concentration of 1:10,000. The membrane was incubated
in the secondary antibody on a rocker at room temperature for at least
1 hour. The membrane was then washed again 3 times in TBS/0.5% Tween.
After a brief rinse in TBS, the membrane was incubated in chemilumines-
cent substrate (34080; Pierce Biotechnology) for 1 minute and exposed to
x-ray film for detection. Antibodies used for ion channels were anti-HERG
(APC-062; Alomone Labs) and anti-KCNQ1 (APC-022; Alomone Labs).

Telemetric monitoring. For monitoring of awake, free-moving, unrestrained
rabbits, we used implantable radiofrequency ECG transmitters (triple-lead
ECG F70-EEE; Data Sciences International). To implant the transmit-
ters, we anesthetized animals with i.m. ketamine/xylazine (25/3.75 mg/kg
BW), buprenorphine (0.03 mg/kg), and inhaled isoflurane (0.5%-5%). The
implantable device was placed s.c. on an the animal’s back through a small
incision. Pairs of electrodes were tunnelled s.c. to the right and left shoulder
and the left and right hips, and then secured with a suture to the muscle.
The derived ECG corresponds to standard ECG limb leads I-III. The analog

The Journal of Clinical Investigation

htep://www.jci.org

research article

telemetric signals were digitized at 1 kHz, and the data were acquired by a
Microsoft Windows-based Dataquest A.R.T. data acquisition software (Data
Sciences International). ECG recordings were performed at least 3 weeks
after transmitter implantation to allow for full recovery of the animals.

The ECG data were analyzed offline in a blinded fashion, and PR, QT,
QT peak, JT, QRS, and RR intervals were measured with Ponemah ECG
analysis software (Data Sciences International). Every 20 minutes during
the 24-hour recording, average values were measured onscreen. Spontane-
ous arrhythmic events were analyzed by semiautomatic screening of the
digital recordings for abrupt changes in the RR intervals and subsequently
confirmed by an experienced clinical electrophysiologist.

Echocardiographic studies. Transthoracic echocardiography was performed
in sedated animals (ketamine/xylazine) to exclude an effect of the trans-
gene on ventricular dimensions and contractility; a 7.5-mHz probe and
long axis and short axis views were used. Analysis included dimensions of
the LV and RV, left atrium, wall thickness, valve function, and LV ejection
fraction (calculated using Teichholz’s formula) and was performed by an
experienced echocardiographer blinded to the genotype.

Preparation of rabbit ventricular myocytes. Ventricular myocytes were isolated
from the hearts of transgenic and LMC NZW rabbits (males, 3.4-5.4 kg)
with standard enzymatic techniques. The heart was removed from
euthanized rabbits and perfused for 5 to 7 minutes with a nominally cal-
cium-free solution containing 130 mM NaCl, 5.4 mM KCl, 1.5 mM MgCl,,
0.33 mM NaH,PO4, 8 mM taurine, S mM HEPES, 5 mM pyruvic acid, and
5 mM glucose. Subsequently, the heart was perfused for 10 to 15 minutes
with the same solution to which 0.075% collagenase (type 1; Worthington
Biochemical), 20 to 40 uM CaCl,, and 0.1% BSA were added. The apical of LV
was cut off and minced, and the cells were dispersed with a glass pipette for
3 to 5 minutes in a solution containing 45 mM KCI, 70 mM K-glutamate,
3 mM MgSOy, 1§ mM KH,PO,, 16 mM taurine, 10 mM HEPES, 0.5 mM
EGTA, and 10 mM glucose (pH 7.38). The cell suspension was filtered
through a 100-um nylon mesh, kept at room temperature for 1 hour before
transfer to MEM containing 1 mM Ca?*, and used within 6 to 8 hours.

Electrophysiological recording and data analysis. Whole-cell recordings were
obtained with an Axopatch-200B amplifier (Axon Instruments) with stan-
dard patch-clamp techniques. Tyrode solution was used as a standard bath
solution and contained 140 mM NaCl, 5.4 mM KCl, 0.33 mM NaH,POy,
1 mM MgCl,, 1 mM CaCl,, 5 mM HEPES, and 7.5 mM glucose, pH 7.4. The
pipette resistances were 2 to 4 MQ when filled with 120 mM KCI, S mM
MgCl, 0.36 mM CaCl,, S mM EGTA, 5 mM HEPES, 5 mM glucose, 5 mM
K5-ATP, 5 mM Na2-CrP, 0.25 mM Na-GTP, pH adjusted 7.2 with potassium
hydroxide (KOH). Action potential and currents were recorded at approxi-
mately 32°C, and action potentials were recorded at a stimulation rate of
0.1 Hz. Capacitance and 60% to 80% of series resistance were routinely com-
pensated. The sampling frequency was 2.5 kHz; the -3 dB cut-off frequency
was 1 kHz. Action potential, I,,, and Ix; were recorded in Tyrode solution,
while Iy, and Ix, were recorded in low K* and low divalent cation solution
containing 140 mM NaCl, 1.5 mM KCl, 0.33 mM NaH,PO4, 0.2 mM MgCl,,
0.2 mM CaCls, 0.2 mM CdCl,, 5 mM HEPES, and 7.5 mM glucose, pH 7.4.
Action potential was recorded under current clamp, holding at 0; pulses
were 3 ms in duration, 1.2-fold the threshold intensity, and ata stimulation
rate of 0.1 Hz. For Ix,and Ik, recording, holding potential was at -40 mV, test
potentials were from -30 to +30 mV with steps of 10 mV lasting 3 seconds.
Tail current was recorded after the test potential was back to -40 mV. For I,
recording, holding potential was at -80 mV and test potentials were from
-20 to +50 mV with steps of 10 mV lasting 400 ms. For I; recording, a
2-second ramp from -120 mV to +60 mV was used as stimulation voltage.

E-4031 and chromanol 293B were used for isolating Ix, and Ix.. Tetrodo-
toxin (TTX) (20 uM) and CdCl, (0.2 mM) were added as needed to block
sodium and calcium currents. A stock solution of E-4031 (5 mM) was
Volume 118 2257
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prepared in water; chromanol 293B (30 mM) in DMSO; TTX (20 mM) in
sodium acetate and acetate acid buffer. All stock solutions were stored at
-20°C. Before the experiment, the stock solution was diluted in the exter-
nal solution to the desired concentrations.

Optical mapping methods: isolated heart preparation. LMC and trans-
genic rabbits (either sex, 3.5~5.5 kg) were injected with buprenorphene
(0.03 mg/kg, i.m.), acepromazine (0.5 mg/kg, i.m.), xylazine (15 mg/kg,
im.), ketamine (60 mg/kg, i.m.), and pentothal (35 mg/kg,i.v.) plus heparin
(200 U/kg). The heart was excised and retrogradely perfused through the
aorta with 130 mM NacCl, 24 mM NaHCO3, 1.0 mM MgCl,, 4.0 mM KCl,
1.2 mM NaH,PO,, 5 mM dextrose, 20 mM mannitol, and 1.0~1.25 mM
CaCly, pH 7.4, and gassed with 95% O, and 5% CO,. In total, 16 rabbits
were studied: LMC (n = 7), LQT1 (n = 4), and LQT2 (n = 5). One LQT2
rabbit exhibited substantially longer APD and was not able to be paced
at fast-cycle length; it was excluded from the data analysis. To compare
the mechanism of arrhythmias in LQT2 with long QT phenotype and lack
thereof in LQT1 rabbits with long QT phenotype, we compared the optical
mapping data of LQT2 rabbits with that of LQT1 rabbits with a QT index
in their surface ECG equal to or greater than 100%. LQT1 rabbits with a
QT index of less than 95% were excluded from the optical mapping studies.
Temperature was maintained at 37.0 + 0.2°C, and perfusion pressure was
adjusted to approximately 60 mm Hg with a peristaltic pump (Radnoti
Glass Technology). Hearts were stained with a voltage-sensitive dye, di-4
ANEPPS (Invitrogen), 25 ul of stock solution (1 mg/ml of die dissolved in
dimethyl sulfoxide, DMSO) delivered through the bubble trap, above the
aortic cannula. ECGs and perfusion pressure were continuously monitored
(PowerLab; ADInstruments). Hearts were placed in a chamber to maintain
temperature, and 5 uM blebbistatin was added to the perfusate to reduce
movement artifacts (56). Hearts were stimulated at basic cycle lengths of
350 ms and 300 ms from the LV epicardial base region and subsequently
stimulated at progressively shorter cycle lengths (10 ms decrement) until
2:1 capture was seen or ventricular arrhythmia was induced.

Optical mapping. The optical apparatus was previously described (57).
Fluorescence images from the anterior surface of the heart were focused
on a CMOS camera (100 x 100 pixels; Ultima-L), and the field of view was
set to 1.5 x 1.5 cm? with a spatial resolution of 150 x 150 wm?. Sampling
rate was set to 1000 f/s, and data were analyzed with custom-built software
using Interactive Data Language (ITT Visual Information Solutions). Acti-
vation and repolarization time points at each site were determined from
(dF/dt)max (the maximum instantaneous change of fluorescence during
action potential upstroke) and (d?F/dt?) 4., which was shown to coincide
with approximately 97% repolarization to baseline and recovery from refrac-

toriness (58). Data were filtered using a spatial Gaussian filter (3 x 3 pixels),

and first/second derivatives (dF/dt, d’F/dt?) were calculated using a poly-
nomial filter (third order, 13 points). Pixels with low signal-to-noise ratios
determined by (dF/dt) .. (lower than 3 x SD of baseline), and outliers of
pixels determined by Grubbs’ test were removed from the analysis (typi-
cally less than 1% of total pixels).

Statistics. Tests for normal distribution used the D’Agostino and Pear-
son omnibus normality or the Kolmogorov-Smirnov test. For normally
distributed values, Student’s ¢ test (paired and unpaired) was used to com-
pare the means of 2 groups, and Mann-Whitney and Wilcoxon matched-
pairs test was used for values not normally distributed. Fisher’s exact
test was used for categorical variables. For comparisons of more than 2
groups, ANOVA (parametric and nonparametric) with Newman-Keuls
or Dunn’s post-test was used. Survival analysis was performed according
to the Kaplan-Meier method; survival proportions were compared with
the log-rank test. Cellular electrophysiology data were evaluated using
pClamp 9.0 and Origin 7.0 software, and results are given as mean + SEM.
All other analyses were performed with Prism 4.03 for Windows (Graph-
Pad) or SPSS for Windows, and their data are presented as means + SD;
n indicates the number of experiments/animals, tests were 2-tailed, and
P <0.05 was considered significant.
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