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Background: Prolonged repolarization is the hallmark of long QT syndrome (LQTS), which is associated with sub-
clinical mechanical dysfunction.We aimed at elucidatingmechanical cardiac function in LQTS type 1 (loss of IKs)
and its modification upon further prolongation of the action potential (AP) by IKr-blockade (E-4031).
Methods: Transgenic LQT1 andwild type (WT) rabbits (n=12/10)were subjected to tissue phasemappingMRI,
ECG, and epicardial AP recording. Protein andmRNA levels of ion channels and Ca2+ handling proteins (n=4/4)
were determined. In silico single cell AP and tension modeling was performed.
Results: At baseline, QT intervals were longer in LQT1 compared toWT rabbits, but baseline systolic and diastolic
myocardial peak velocities were similar in LQT1 andWT. E-4031 prolonged QTmore pronouncedly in LQT1. Ad-
ditionally, E-4031 increased systolic and decreased diastolic peak velocities moremarkedly in LQT1 – unmasking
systolic and diastolic LQT1-specificmechanical alterations. E-4031-induced alterations of diastolic peak velocities
correlated with the extent of QT prolongation.
Conclusion:While baselinemechanical function is normal in LQT1 despite a distinct QT prolongation, further pro-
longation of repolarization by IKr-blocker E-4031 unmasks mechanical differences between LQT1 and WT with
enhanced systolic and impaired diastolic function only in LQT1. These data indicate an importance of the extent
of QT prolongation and the contribution of different impaired ion currents for conveyingmechanical dysfunction.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Dysfunction of repolarizing ion channels constitutes the pathophys-
iological link between inherited [1] and acquired [2] longQT syndromes
(LQTS), which are both characterized by prolonged cardiac repolariza-
tion and an increased risk for ventricular tachycardia (VT) and sudden
cardiac death. Inherited long QT syndromes type 1 (LQT1, loss-of-
function mutations in KCNQ1/KvLQT1, reduction of IKs) and type 2
(LQT2, loss-of-functionmutations inKCNH2/HERG, reduction of IKr) rep-
resent N80% of LQTS subtypes [1].

In addition to electrical dysfunction (i.e., prolonged repolarization)
[3], (subclinical) mechanical dysfunction is present in LQTS: In 1991,
ability and freedom from bias of
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Nador et al. described for the first time left ventricular wall motion ab-
normalities in patients with LQTS, consisting of a more rapid early con-
traction and slowed/prolonged late contraction [4]. These abnormalities
were present in 55%of LQTS patients (but only 5% of controls), andmore
frequent in symptomatic than asymptomatic LQTS patients (77% vs.
19%) [4]. After this initial important observation, several studies con-
firmed that LQTS is not a “purely electrical” disease, but does affect car-
diac mechanical function with prolonged contraction duration and
increased dispersion of contraction duration [5–12]. Prolonged contrac-
tion durationwas demonstrated in LQTS patients by strain echocardiog-
raphy [6–8] and tissue phase mapping MRI (TPM-MRI) [9]. Genotype
differences in its extent have been postulated as the extent of the reduc-
tion of longitudinal strain was less pronounced in LQT1 [8]. These alter-
ations in systolic or diastolic function in LQTS do not result in clinical
overt heart failure, but its extent seems to correlate with the arrhythmic
risk [6–9].

We previously generated transgenic rabbit models of LQT1
(KvLQT1-Y315S, loss of IKs) and LQT2 (HERG-G628S, loss of IKr) that
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mimic the human LQTS disease phenotypes [13] due to pronounced
species similarities between rabbits and humans in cardiac ion channels
[14], shape of action potential [15], andmyocardial tissue velocities [16].
Using TPM-MRI, we have demonstrated regionally heterogeneously
impaired diastolic function and prolonged contraction duration in
LQT2 rabbits [17], which could predict arrhythmogenic risk better
than QTc [18].

Mechanisms leading to mechanical alterations in LQTS and the im-
pact of prolongation of repolarization per se, however, remain incom-
pletely understood. To further assemble this puzzle, experiments
including molecular, whole organ and in vivo levels need to be
interpreted together in this highly inter-dependent system of “electro-
mechanical feedback”.

We hypothesize that the extent of alterations inmechanicalmyocar-
dial function in LQTS depends on the extent of prolongation of repolar-
ization. Therefore, in the present study, we aimed at gathering further
insights into (electro-)mechanical dysfunction and underlying mecha-
nisms in LQT1 (loss of IKs) and in LQT1 exposed to IKr-blocker E-4031
(loss of IKs and reduction of IKr) compared to WT.

2. Methods

The online supplement contains a more detailed method section.

2.1. Animal studies

Animal experiments were performed in compliance with the German animal protec-
tion law (TierSchG), and the Directive 2010/63/EU of the European Parliament after
approval by the local authorities (Regierungspraesidium Freiburg; protocol number
G11/107).

Male adult transgenic LQT1 (n = 12) and wild type (WT, control group, n = 10)
New ZealandWhite rabbits of similar age andweight were used for in/ex vivo experiments
(Suppl. Table 1). For molecular analysis, separate age-matched groups of LQT1 and WT
rabbits (n = 4/4) were added. Rabbits were genotyped by PCR and the phenotype was
verified by ECG [13].

S-ketamine (Pfizer, USA) and xylazine (Bayer, Germany) were applied for anesthesia
(12.5 mg/kg/3.5mg/kg IM, followed by IV infusion) during TPM-MRI, ECG transmitter im-
plantation and surface ECG, since this combination does not affect cardiac repolarization
[19]. Beating heartswere excised formonophasic action potential recording andmolecular
analysis after additional injection of heparine (500 IE IV, Braun, Germany) and thiopental-
sodium (40 mg/kg IV, Inresa, Germany).

2.2. Surface ECG

Surface ECG were recorded in sedated LQT1 and WT rabbits (n = 12/10) at baseline
and with E-4031 (10 μg/kg bolus and 1 μg/kg/min infusion IV for 20 min) [20].

2.3. Telemetric ECG monitoring

Subcutaneous ECG transmitters were implanted in LQT1 andWT rabbits (n=8/7) as
described [13]. QT and RR intervals were determined at baseline and after IM injections of
sodium chloride 0.9% (0.33 mL/kg, sham-control) or E-4031 (20 μg/kg, 0.33 mL/kg).

2.4. Tissue phase mapping (TPM-MRI)

To assess regional cardiac function,myocardial longitudinal (Vz) and radial (Vr) tissue
velocities were analyzed by TPM-MRIwith high spatial and temporal resolution in sedated
LQT1 and WT rabbits (n= 12/10) as described [17]. Systolic and diastolic peak velocities
and time-to diastolic peak velocities were derived from segmental velocity curves
(Fig. 2A/B) acquired at baseline andwith E-4031 (10 μg/kg bolus and 1 μg/kg/min infusion
IV). Ejection fraction (EF) was calculated based on cine MRI.

2.5. Monophasic action potential duration (APD)

Regional monophasic APD was determined ex vivo in the same segments as in
TPM-MRI (except for septal segments) at baseline and with E-4031 (0.1 μM) as described
[17, 21]. Only hearts without signs of ischemia (as relevant ST segment elevations with
APD shortening or visually ischemic tissue) were included (LQT1, n = 6; WT, n = 7).

2.6. Molecular analysis

Genotype differences in protein and mRNA expression of KvLQT1, HERG, KCNE1,
Cav1.2, NCX, PLB, SERCA and RyR were analyzed by Western blot and real-time PCR.
2.7. In silico single cell action potential and tension modeling

Single cell action potentials (AP) were calculated based on the rabbit ventricular cell
model by Shannon et al. [22]. In short, the membrane is seen and modulated as a
capacitance. Ionic currents are calculated basedon their respective gating variables, Nernst
potential and the membrane potential. The membrane voltage itself is calculated via
nonlinear-coupled ordinary differential equations in regard to the ion currents and ion
concentrations [23]. To reproduce APs of LQT1, gKs was set to 0%. The effects of E-4031
were incorporated by decreasing gKr to 50%.

2.8. Statistical analysis

Statistical analyses were performed with Prism (GraphPad, USA) and Excel
(Microsoft, USA). Significance levels of normally distributed data were calculated using
t-tests. Pearson correlation coefficient was applied for correlation of electrical and me-
chanical parameters. p-Values b0.05 were considered significant.
3. Results

3.1. Electrical (dys-)function

3.1.1. Surface ECG
In surface ECG (Fig. 1A, exemplary ECG traces), QT intervals were

longer in sedated transgenic LQT1 rabbits compared to WT at baseline
(Fig. 1B, baseline: LQT1 226 ± 45 ms vs. WT 181 ± 20 ms, p b 0.01),
while RR intervals were not significantly different (Fig. 1B, baseline:
LQT1 415 ± 78 ms vs. WT 391 ± 37 ms). This resulted in longer
heart-rate corrected QTc (Bazett) in LQT1 than in WT at baseline
(LQT1 350 ± 40 ms vs. WT 289 ± 24 ms p b 0.001). During infusion
with IKr-blocker E-4031, QT intervals became longer in both LQT1 and
WT rabbits (Fig. 1B), but QT prolongation (delta) was larger in LQT1
than in WT (Fig. 1C, minute 4: LQT1 + 107 ± 25 ms vs. WT +61 ±
21 ms, p b 0.001) and similarly, heart-rate corrected QTc was signifi-
cantly longer in LQT1 (minute 4: LQT1 505 ± 54 ms vs. 379 ± 50 ms
p b 0.001).
3.1.2. ECG telemetry
ECG telemetry in free-moving animals revealed longer baseline QT

intervals in LQT1 than in WT (LQT1, 167 ± 13 ms vs. WT, 138 ±
12 ms, p b 0.001) at similar RR intervals (LQT1 278 ± 25 ms vs. WT
256 ± 30 ms). Similarly, heart-rate corrected QTc (Bazett) was longer
in LQT1 compared to WT rabbits (LQT1, 317 ± 29 ms vs. WT, 274 ±
14ms, p b 0.01). In addition, individual heart-rate corrected QT intervals
(QT250ms) were derived from individual QT/RR-regression lines at base-
line and after IM injection (Fig. 1D and Suppl. Fig. 1A/B). QT250ms was
longer in LQT1 rabbits at baseline (Fig. 1E and Suppl. Fig. 1A), after
sham IM injection of NaCl 0.9% (Fig. 1E and Suppl. Fig. 1B), and after in-
jection of E-4031 (Fig. 1D/E) compared to WT. Injection of E-4031 sig-
nificantly prolonged QT250ms in LQT1 and WT rabbits, while the sham-
injection of NaCl 0.9% had no QT250ms prolonging effect (Fig. 1E). Impor-
tantly, E-4031-induced prolongation of QT250ms (delta) compared to
baseline or NaCl was remarkably larger in LQT1 than in WT rabbits
(Suppl. Fig. 1D).
3.1.3. Arrhythmia
No ventricular arrhythmias were detected at baseline or during ex-

posure to E-4031. Due to a pronounced E-4031-induced QT prolonga-
tion, pseudo AV-blocks (as described in [24]) developed in two LQT1
during telemetric monitoring (Suppl. Fig. 1E) and in one LQT1 rabbit
during MRI, but none developed in WT.
3.1.4. Monophasic action potential duration (APD)
At baseline, APD at 90% of repolarization (APD90)was similar inmost

regions of LQT1 andWT hearts – except for the apical-anterior segment.
During perfusion with E-4031, APD90 prolongation was observed in 8 of
11 segments in both, LQT1 and WT hearts (Fig. 1F–H).



Fig. 1. Electrical dysfunction. Surface ECG (Fig. 1A–C). Protocol: Baseline, bolus of E-4031 (10 μg/kg IV), infusion of E-4031 (1 μg/kg/min IV for 20 min, start to stop). A. Exemplary ECG
traces. Larger E-4031-induced QT prolongation (red arrow) in LQT1 and similar RR prolongation (blue arrow). B. Longer QT intervals in LQT1 compared to WT (n = 12/10) at baseline
and with E-4031, similar RR intervals. C. E-4031 induced a significantly larger QT prolongation (delta) in LQT1. Mean ± SD. Levels of significance using t-test: ⁎⁎⁎p b 0.001, ⁎⁎p b 0.01,
⁎p b 0.05, “ns” p N 0.05. Telemetric ECG (Fig. 1D/E). D. QT and RR intervals and heart rate corrected QT intervals (QT250ms) after injection of E-4031 (20 μg/kg). E. Longer QT250ms

in LQT1 (n = 8, blue) compared to WT (n = 7, black) at baseline and after injection of NaCl 0.9% or E-4031. Significant prolongation of QT250ms with E-4031 within the groups
compared to baseline or injection of NaCl 0.9%. No significant prolongation of QT250ms after NaCl 0,9% compared to baseline. Mean ± SD. Levels of significance using t-test: ⁎⁎⁎p b 0.001,
⁎⁎p b 0.01, ⁎p b 0.05, “ns” p N 0.05. Monophasic action potentials, stimulation with 2 Hz (Fig. 1F–H). F. Exemplary monophasic action potentials at baseline and with E-4031 (0.1 μM).
G/H. Bull's eye-plots, mean regional APD90 (4 basal, 4 mid and 3 apical segments) in LQT1 (n = 6, G) and WT hearts (n= 7, H). E-4031 significantly prolonged APD90 in 8/11 segments
compared to baseline in LQT1 andWT. Levels of significance using t-test: ⁎⁎⁎p b 0.001, ⁎⁎p b 0.01, ⁎p b 0.05, “ns” p N 0.05. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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3.2. Mechanical (dys-)function

3.2.1. Systolic function
Ejection fraction (EF) – a marker for global systolic function – was

similar in both groups at baseline and was preserved upon E-4031 infu-
sion (Suppl. Table 2).

At baseline, LQT1 and WT rabbits had similar regional longitudinal
(Vz, Fig. 2C) and radial systolic peak velocities (Vr, Suppl. Fig. 2A).
E-4031, however, increased systolic peak velocities in 16 (Vz) and 10
(Vr) of 16 LV segments in LQT1 hearts (Fig. 2C and Suppl. Fig. 2A), indi-
cating improved systolic function. Of note, enhancement of systolic
function was particularly pronounced in LV base and mid (Fig. 2D). In
WT, in contrast, systolic peak velocities were increased only in 1 of 16
segments in Vr and were unchanged in Vz (Fig. 2C and Suppl. Fig. 2A).
The E-4031-induced increase (delta) of systolic peak Vz and Vr was
larger in LQT1 than inWT in almost all segments, reaching statistical sig-
nificance in 7 segments in the longitudinal (Fig. 2D) and 5 segments in
the radial direction (Suppl. Fig. 2B).
3.2.2. Diastolic function
At baseline, diastolic peak Vz were similar in LQT1 and WT hearts

(Vz, Fig. 2E), and diastolic peak Vr differed in only two LV segments
(apex-anterior und apex-septal, Vr, Suppl. Fig. 2C). E-4031 reduced dia-
stolic peak velocities in LQT1 rabbits in 12 (Vz) and 9 (Vr) of 16 seg-
ments (Fig. 2E and Suppl. Fig. 2C), indicating E-4031-induced diastolic
dysfunction. In WT, in contrast, E-4031 decreased diastolic peak Vz
only in 3 of 16 LV segments (Fig. 2E), while diastolic peak Vr remained
unchanged (Suppl. Fig. 2C). E-4031-induced decrease in diastolic peak
velocities (delta) was significantly larger in LQT1 in 9 segments in the
longitudinal (Fig. 2F) and 5 segments in the radial (Suppl. Fig. 2D) direc-
tion compared to WT rabbits.

Time-todiastolic peakVz andVr– amarker for contractionduration–
was similar in both groups at baseline, and only minor alterations were
found with E-4031 (Suppl. Fig. 2E/F).

3.3. Electro-mechanical correlation

To investigate a potential correlation between electrical and me-
chanical function, pooled (WT and LQT1) electrical (QT interval) and
mechanical data (peak diastolic velocities, averaged basal and mid seg-
ments) were analyzed. After infusion of E-4031 (Fig. 3A), QT duration
correlated significantly with (lower) radial and longitudinal diastolic
peak velocities (Vz: r = −0.59, p b 0.01, Vr: r = −0.48, p b 0.05;
Fig. 3A). Moreover, the extent of E-4031-induced QT prolongation
(delta-QT) correlated with the extent of E-4031-induced decrease



Fig. 2.Regional systolic and diastolic mechanical function (TPM-MRI). A. Exemplary regional longitudinal (Vz, color-coded) and radial (Vr, length of white arrows)myocardial velocities in
LQT1 and WT rabbits (basal segments): lighter blue in LQT1 indicates decreased diastolic peak Vz. B. Myocardial velocity curve (averaged LQT1 basal segments at baseline, n = 12)
indicating systolic and diastolic peak Vz and time-to diastolic peak Vz (TTP). C + E. Bull's eye-plots (6 basal, 6 mid and 4 apical segments) of LQT1 and WT (n = 12/10) rabbits
displaying mean systolic (C) and diastolic (E) peak Vz. Similar peak longitudinal velocities at baseline in LQT1 and WT rabbits. Only in LQT1 rabbits, E-4031 significantly increased
systolic peak Vz (C). E-4031 decreased diastolic peak Vz in LQT1 in 12 segments, but only in 3 segments in WT rabbits (E). D + F. E-4031-induced change (delta) of systolic/diastolic
peak Vz in the different segments: the increase of systolic peak VZ was more pronounced in LQT1 than in WT in 7 segments (D). The decrease of diastolic peak Vz was more
pronounced in LQT1 in 9 segments (F). Levels of significance using t-test: ⁎⁎⁎p b 0.001, ⁎⁎p b 0.01, ⁎p b 0.05. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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of diastolic peak velocities (delta-diastolic velocity) (Vz, r = −0.617,
p b 0.01; Vr, r = −0.621, p b 0.01; Fig. 3B).

Correlation of electrical and mechanical parameters within the sep-
arate groups (LQT1 orWT) did not reach significance due to small group
size and outliers. Additionally, in contrast to previous studies in LQT2
[17] regional diastolic peak velocities did not correlate with regional
APD90 to a relevant extent (significance reached only in one segment
in LQT1 with E-4031), likely due to the less pronounced mechanical
alterations in LQT1 compared to LQT2.

3.4. In silico single cell action potential and tension modeling

To investigate whether a sole reduction of IKs and/or IKr (and
resulting prolongation of repolarization) may result in the observed
changes in mechanical function, we performed in silico single cell
modeling. Similarly as observed experimentally, loss of IKs (0% gKs,
LQT1 at baseline) resulted in a slight APD prolongation (Fig. 3C) and
the reduction of gKr had a similarly pronounced APD-prolonging effect
as E-4031 in the experimental setting (Fig. 3C).

Peak velocity in tension development and relaxation (Fig. 3D, slope
steepness of upstroke and downstroke) were used as estimate for mea-
sured peak systolic and diastolic velocities. Similarly as observed, 50%
reduction of gKr (E-4031) increased velocity of tension development
and decreased relaxation velocity – particularly in absence of gKs
(LQT1 + E-4031).
3.5. Differences in ion channel and Ca2+ handling protein expression

In transgenic LQT1 rabbits that are over-expressing the human loss-
of-function-mutated KvLQT1/KCNQ1 [13], expression of total KvLQT1/
KCNQ1 (endogenous + transgenic mutated channels) was increased
compared to WT hearts (only expressing endogenous KvLQT1/KCNQ1;
Fig. 4A). The beta-subunit KCNE1, in contrast, was down regulated in
LQT1 compared to WT (Fig. 4B), both contributing to lower/absent IKs
current in LQT1 cardiomyocytes [13]. Kir2.1/IK1 and Cav1.2/ICa,L were
similarly expressed in both groups (Suppl. Fig.3). SERCA protein and
mRNA levels were not altered. Small changes were observed in other
Ca2+ handling proteins: Phospholamban (PLB) was decreased in LQT1
(Fig. 4C) and RyR tended to be reduced in LQT1 hearts (Fig. 4D). On
the mRNA level, NCX was increased in LQT1 hearts (Fig. 4E).
4. Discussion

4.1. Electrical (dys-)function in LQT1 rabbits

Due to the over-expression of loss-of-function mutated KvLQT1/IKs
(KvLQT1-Y315S), in vivo QT intervals were longer in transgenic LQT1
than in WT rabbits in the present and previous studies [13]. E-4031
induced a larger QT prolongation in sedated and free-moving LQT1 com-
pared to WT rabbits. Monophasic APD, in contrast, measured ex vivo –



Fig. 3. Correlation and in silico simulation of electrical and mechanical function. A/B. Electro-mechanical correlation in pooled LQT1 and WT rabbits (n = 21). Significant correlation
(Pearson correlation coefficient, r) of the QT interval (A) and the increase of the QT interval (delta, B) with decreased longitudinal (Vz) and radial (Vr) diastolic peak velocities with
E-4031. C/D. In silico simulation of action potential and tension. A. Simulation of action potentials (AP) with longer AP in LQT1 (loss of IKs, 0% gKs) compared to control (WT). Additional
reduction of gKr (50% gKr) pronouncedly prolonged the AP (as E-4031). B. Simulation of tension development. Reduction of gKr (E-4031, 50% gKr) increased the steepness of the slope
upstroke and decreased the steepness of the slope downstroke as compared to LQT1.
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hence without physiological autonomic influence – were not signifi-
cantly longer in LQT1 hearts at baseline as reported previously [21].

4.2. Mechanical (dys-)function in LQT1 rabbits

Global mechanical function (ejection fraction) was similar in LQT1
and WT rabbits, as previously observed with conventional imaging in
LQTS patients [6, 8, 9] and rabbits [13]. In contrast, subtle abnormalities
of myocardial systolic and diastolic function in LQTS, such as alterations
in contraction pattern [4], contraction duration or its dispersion have
been identified in LQTS and were associated with higher occurrence of
arrhythmia [4, 6–8, 10].

In our study, we used TPM-MRI to analyze regional changes in me-
chanical function secondary to LQTS-related electrical alterations.
Regional systolic and diastolic peak velocities were unaltered in LQT1
hearts at baseline, while we have previously identified impaired dia-
stolic function in LQT2 rabbits [17]. This observationmay be partially at-
tributed to a minor contribution of IKs to repolarization compared to IKr
in the rabbit [25] and a less pronounced QT/APD prolongation in LQT1
compared to LQT2 [13]. In line with this observation, diastolic function
was particularly impaired in LQT2 rabbit hearts with very pronounced
APD prolongation as compared to those with less pronounced APD
prolongation [13]. Although mechanical function was altered in LQT1
patients [6–9], in human LQT1, myocardial mechanical function
(longitudinal strain) was less pronouncedly impaired than in human
LQT2 [8] – similarly as observed in the transgenic rabbit models.

Upon IKr-blockade, in contrast, pronounced differences were
unmasked between LQT1 and WT hearts. The E-4031-induced QT
prolongation in LQT1 matched with an E-4031-induced decrease of re-
gional diastolic peak velocities in LQT1. Importantly, in pooled analysis
of basal and mid segments, the extent of diastolic mechanical impair-
ment significantly correlated with QT duration and prolongation after
administration of E-4031, indicating that the mechanical diastolic im-
pairment in LQTS depends on the (extent of) primary electrical
alterations.

While E-4031/IKr-blockade has previously been shown to increase
contractility and impair diastolic relaxation in healthy mammalian
hearts of various species [26], we here demonstrate that E-4031 induces
a particularly pronounced (regionally heterogeneous) amelioration of
systolic function and reduction of diastolic relaxation only in LQT1. Of
note, this is in contrast with the observation of normal (to slightly de-
creased) systolic function in LQT2 rabbits and patients [6–8, 13].

These observations indicate that both the extent of impairment of
global repolarization aswell as the impairment of a defined repolarizing
ion current (IKs or IKr) may affect the extent of alterations in mechanical
function in LQT1 (loss of IKs) and LQT2 rabbits (loss of IKr). As genotype
differences in the extent of mechanical impairment are present in both,
rabbit and human LQTS subjects, these experimental models provide
important insights into the importance of the reduction of a defined
repolarizing current (IKs or IKr) and the extent of the prolongation of re-
polarization for LQTS-related mechanical impairment. To precisely
identify the relative importance of dose-dependent electrical alterations
for mechanical alterations and the differential quantitative contribution
of reduced IKr and/or IKs to mechanical alterations, however, future ex-
periments exposing LQT1, LQT2, and WT rabbits to different dosages
of IKr and/or IKs blockers are warranted.



Fig. 4. Ion channel and Ca2+ handling protein expression. A–D. Box plots indicating relative protein expression in LQT1 andWT hearts (n= 4/4) with representative Western blot (WB)
below/to the right. Beta-Actin expressionwas used as loading control. A. KCNQ1expression in Septumbase.WBof KCNQ1 in Septumbase. B. KCNE1 expression in all regions.WBof KCNE1
in LV apex. C. PLB expression in all regions. WB of PLB in Septummid. D. RyR expression in LV base. WB of RyR in LV base. E. Box plot indicating relative mRNA amplification of NCX in all
regions. Levels of significance using t-test: ⁎⁎⁎p b 0.001, ⁎⁎p b 0.01, ⁎p b 0.05.
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4.3. Mechanisms underlying genotype differences in electro-mechanical
function

In LQT1 hearts, we observed a greater expression of KvLQT1/KCNQ1
channels (mutated human and endogenous rabbit subunits) compared
to WT as described [13]. KCNE1 was reduced in LQT1 hearts, also con-
tributing to reduced/absent IKs in LQT1 cardiomyocytes, but expression
of the remaining repolarizing current Kir2.1/IK1 was unaltered. The
resulting reduced repolarization reserve may explain the increased
susceptibility to E-4031-induced QT prolongation and alterations of
(regional) mechanical function particularly in LQT1 hearts. Due to
electro-mechanical coupling, we suggest that IKr-blocker-induced
prolongation of repolarization further prolongs Ca2+-influx via ICa,L,
increases intracellular calcium concentration, and prolongs Ca2+

transients, causing an increase in contractility/increased systolic peak
velocities [27, 28], and impaired relaxation/reduced diastolic peak ve-
locities [26]. In this line, De Ferrari et al. [29] observed that calcium
channel blockers eliminated abnormal contraction patterns in LQTS
[4], suggesting a causative role of intracellular calcium for LQTS-
associated mechanical dysfunction [5, 29].

In silico cellular tension models confirmed the experimental obser-
vation of increased steepness of slope upstroke (increased systolic
peak velocity) and decreased steepness of slope downstroke (decreased
diastolic peak velocity) upon reduction of gKr (E-4031) – particularly in
the setting of absent gKs (LQT1) – thus highlighting that further prolon-
gation of repolarization by IKr-blockade may unmask subtle mechanical
impairment in LQT1.

In addition to the alterations in repolarization, the small changes in
Ca2+ handling proteins might also (partly) contribute to altered me-
chanics in LQT1. As NCX affects systolic mechanical function via its re-
verse mode activity [30], NCX over-expression improved systolic
function in a rabbit heart-failure model, while it had no mechanical
effects in normal hearts [31]. Similarly, the increased NCX transcription
in LQT1 hearts might not be sufficient to change mechanical function at
baseline but may contribute to improved systolic function (increased
systolic peak velocities) if the system is further stressed by E-4031.
Here the assessment of functional changes in NCX activity and resulting
calcium transient characteristics are warranted in the future; particu-
larly as the impact of NCXonmechanical function is already rather com-
plex in the physiological setting and might be further modified in the
setting of prolonged APD.

Experimental data further suggest that a reduction of PLB as ob-
served in LQT1 hearts and consecutive reduced inhibition of SERCA
function [32] might similarly improve systolic function as in a mouse
heart failure model, in which a knock-out of PLB rescued systolic func-
tion [33]. As SERCA expression, however, was unaltered in LQT1 hearts,
its relevance needs to be evaluated in functional assays.

4.4. Limitations

Baseline mechanical function in LQT1 rabbit hearts was not im-
paired, although one might expect some mechanical dysfunction
based on observations in human patients. This may be partially attrib-
uted to a minor contribution of IKs to repolarization compared to IKr in
the rabbit at baseline conditions [25]. Furthermore, as LQT1 associated
symptoms and QT prolongation are particularly associatedwith sympa-
thetic stimulation [1, 13, 34, 35], mechanical consequences of LQT1
might be more apparent when assessed with intact autonomic
influence.

In the present study, data on electrical (APD ex vivo, ECG in vivo) and
mechanical cardiac function (TPM-MRI) were acquired sequentially in
each LQT1 andWT rabbit. Protocols for anesthesia and E-4031 infusion
were equal during surface ECG and TPM-MRI, thus qualifying for corre-
lation. However, an ideal experimental setup for electro-mechanical
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assessment (and correlation) would allow simultaneous recording
of regional electrical and mechanical data in vivo. In the future,
MR-compatible EP catheters might help to overcome these technical
limitations.

To identify mechanisms accounting for altered electro-mechanical
function in LQT1,we assessed regional transcription andprotein expres-
sion of ion channels andCa2+ handling proteins. To fully understand the
impact of altered ion channels/Ca2+ handling proteins for electro-
mechanical alterations in LQTS, analyses of their phosphorylation state
and functional changes in their activity and resulting calcium transient
characteristics are warranted in the future; particularly as the impact
of several Ca2+ handling proteins is already rather complex in the phys-
iological setting and might be further modified in the setting of
prolonged APD.

4.5. Clinical/translational implications

In line with experimental and clinical studies [4–12, 17, 18, 29] this
study confirms that LQTS constitutes an electro-mechanical disorder.
Studies in LQTS patients [4, 6–8, 10] and LQT2 rabbits [18] could previ-
ously link mechanical dysfunction with an increased arrhythmic risk.
With the present studywe demonstrate that the extent of QT prolonga-
tion correlates with impairment of diastolic function upon administra-
tion of E-4031. Furthermore, we identify genotype differences in the
extent of mechanical impairment in LQTS: In contrast to LQT2 rabbits
(with pronounced QT prolongation and mechanical dysfunction) [17],
LQT1 rabbits (withmoderateQT prolongation) lack baselinemechanical
impairment, but show amelioration of systolic and impairment of dia-
stolic function upon further prolongation of repolarization. Of note,
this phenomenon could be of clinical importance in undiagnosed or
subclinical LQTS with concomitant administration of QT-prolonging
drugs [2].

These data indicate an importance of the extent of QT prolongation
and of the contribution of different impaired repolarizing current for
conveyingmechanical dysfunction. Increasing our understanding of ge-
notype differences in electro-mechanical dysfunction might allow fu-
ture genotype-specific risk assessment using a combined assessment
of electrical and mechanical parameters.

4.6. Conclusions

While baseline mechanical function was normal in LQT1 rabbits de-
spite a distinct QT prolongation, further prolongation of repolarization
by IKr-blocker E-4031 unmasked mechanical alterations with ameliora-
tion of systolic function and impairment of diastolic relaxation LQT1.
These data indicate an importance of the extent of QT prolongation
and the contribution of different impaired ion currents for conveying
mechanical dysfunction.
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