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Abstract

Familial hypertrophic cardiomyopathy (HCM), linked to mutations in myosin, myosin-binding
proteins and other sarcolemmal proteins, is associated with increased risk of life threatening
ventricular arrhythmias, and a number of animal models have been developed to facilitate analysis
of disease progression and mechanisms. In the experiments here, we use the a MHC*%3/* mouse
line in which one aMHC allele harbors a common HCM mutation (in BMHC, Arg403 GlIn). Here,
we demonstrate marked prolongation of QT intervals in young adult (10-12 week) male
aMHC403* mice, well in advance of the onset of measurable left ventricular hypertrophy.
Electrophysiological recordings from myocytes isolated from the interventricular septum of these
animals revealed significantly (A<0.001) lower peak repolarizing voltage-gated K* (Kv) current
(Ik peak) amplitudes, compared with cells isolated from wild type (WT) littermate controls.
Analysis of Kv current waveforms revealed that the amplitudes of the inactivating components of
the total outward Kv current, Iy f, lto,s and I sjow, Were significantly lower in a MHC403/*,
compared with WT, septum cells, whereas Iss amplitudes were similar. The amplitudes/densities of
Ik peak and I siow Were also lower in aMHCA0%*, compared with WT, LV wall and LV apex
myocytes, whereas Iy, ¢ was attenuated in aMHCA0%* LV wall, but not LV apex, cells. These
regional differences in the remodeling of repolarizing Kv currents in the a MHC?#%3/* mice would
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be expected to increase the dispersion of ventricular repolarization and be proarrhythmic.
Quantitative RT-PCR analysis revealed reductions in the expression of transcripts encoding several
K* channel subunits in the interventricular septum, LV free wall and LV apex of (10-12 week)
aMHCA403* mice, although this transcriptional remodeling was not correlated with the observed
decreases in K* current amplitudes.
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Transcriptional remodeling

1. Introduction

Hypertrophic cardiomyopathy (HCM), the most common cause of sudden death in
apparently healthy children and young adults [1], is characterized by left ventricular (LV)
hypertrophy, which frequently involves the interventricular septum [2]. The
histopathological features of HCM include cardiomyocyte hypertrophy, myofibril disarray,
and interstitial fibrosis [3]. To date, more than 900 mutations in over 20 sarcomere related
genes have been identified in familial HCM [3]. Among the causative genes, mutations in p-
myosin heavy chain (BMHC) and myosin binding protein 3 (MYBP3) are the most common
[4]. The clinical course of HCM patients is highly variable [2,3], ranging from individuals
being asymptomatic well into adulthood to sudden cardiac death in adolescence, even in
individuals harboring the same genetic mutation. Despite progress in preventing sudden
death in high-risk HCM patients through the use of implantable cardioverter defibrillators
(ICDs), it is unclear why mutations in genes encoding sarcomere proteins lead to the
increased risk of life-threatening ventricular arrhythmias.

A number of animal models of familial HCM have been developed with the goal of
facilitating the study of disease mechanisms [5]. The a MHC#%3/* mouse line, for example,
was engineered to carry the human MHC mutation Arg403GIn in one allele of the a-cardiac
MHC gene, the murine analogue of human B-cardiac MHC gene [6]. Analysis of the cardiac
phenotype in heterozygous a MHC493/* mice revealed several features which closely parallel
the human disease [6,7]. Specifically, LV hypertrophy is progressive, somewhat variable in
presentation and, in addition, phenotypes are more pronounced in male, than in female,
aMHC493/* mice [8]. Myocyte enlargement, cardiac fibrosis and myofibril disarray have
been reported to begin to be evident in male a MHC*%3/* mice at about 15 weeks of age, and
all male aMHC#93* animals have echocardiographic evidence of LV hypertrophy by 25-30
weeks of age [9,10]. Previous electrocardiographic (ECG) studies revealed abnormalities in
the ECG axis and prolongation of QT intervals in 30 week old a MHC#*%3/* mice [8,11]. In
addition, ventricular tachyarrhythmias were induced by electrical pacing in about 70% of
>30 week old male a MHC#93/* mice [9]. Ventricular tachyarrhythmias were also shown to
be inducible in ~25% of the young (10 week old male) a MHC*03/* mice examined [9], i.e.,
at an age well before the onset of echocardiographically detectable LV hypertrophy, findings
that suggest that electrical remodeling may be independent of LV hypertrophy in
aMHCA403* animals. Interestingly, several clinical studies have identified subsets of HCM
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patients with marked QT prolongation, but without manifest LV hypertrophy, observations
also consistent with the hypothesis that altered ventricular repolarization in HCM patients
may also not be related solely to cardiac (ventricular myocyte) hypertrophy [12-15].

The experiments here were designed to explore the hypothesis that electrical remodeling
precedes LV hypertrophy in the aMHC493* mouse model of HCM. The results presented
demonstrate that QT prolongation is present in young adult (10-12 week old) male
aMHC403/* animals prior to measurable LV or ventricular myocyte hypertrophy. Additional
experiments revealed that the amplitudes of the voltage-gated K* (Kv) currents that underlie
action potential repolarization are significantly lower in interventricular septum, LV apex,
and LV free wall myocytes isolated from 10-12 week old male a MHC*%3/*, compared with
WT, animals. Deleterious electrical remodeling, therefore, precedes and appears to be
independent of the development of LV hypertrophy in this mouse model of HCM.

2. Methods

2.1. Experimental animals

Animals were handled in accordance with the Guide for the Care and Use of Laboratory
Animals (NIH). All protocols involving animals were approved by the Animal Studies
Committee at Washington University Medical School. The aMHC403/* mouse line,
described previously [6], was maintained in the 129SvE background; for breeding, wildtype
male and female 129SvE mice were obtained from Taconic (Germantown, NY). All
experiments here were carried out on adult (10-12 week) male aMHC*03/* and WT
littermates.

2.2. 2-D Echocardiography

Anesthetized (avertin, 0.25 mg g1, intraperitoneal injection) (10-12 week old male)
aMHCA403/+ (N = 8) and WT (N = 8) animals were examined by non-invasive transthoracic
echocardiography using an Acuson Sequoia 256 echocardiography system (Acuson,
Stockton, CA, USA) equipped with a 15 MHz transducer as described previously [16].
Digitally acquired and stored two-dimensional short axis cine-loops and M-mode images of
the LV of aMHC403/* animals were viewed and displayed next to images obtained from
age-matched WT littermates. Comparisons of LV wall thicknesses and chamber sizes in
aMHC403/* and WT animals were completed.

2.3. Histology

For histological analyses, 10-12 week old male aMHC403/+ (N = 2) and WT (N = 2) mice
were anesthetized with intraperitoneal injection of ketamine (86 mg kg™1) and xylazine (13
mg kg~1) and perfused with 4% paraformaldehyde in 0.1 mol I-1 phosphate buffer. Isolated
ventricular tissues were embedded in paraffin, sectioned (at 3 uM) and stained with Masson
trichrome [16]. Ventricular myocyte cross-sectional areas were measured using an Axioskop
upright (light) microscope (Carl Zeiss, Inc., Chester, VA, USA) and ImageJ software.
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2.4. Electrophysiological recordings

Surface electrocardiographic (ECG) recordings were obtained from anesthetized (avertin,
0.25 mg kg-1, intraperitoneal injection) 10-12 week old male aMHC403/* (N = 15) and WT
(N = 18) littermates using needle electrodes connected to a dual bioamplifier (PowerLab
26T, AD Instruments, Colorado Springs, CO, USA), as described previously [16]. ECG
signals were acquired for 1 min; data were stored and subsequently analyzed offline using
LabChart 7.1 (ADInstruments). Lead Il recordings were chosen for analyses. In each record,
QT intervals in individual beats were determined as the time interval between the initiation
of the QRS complex and the end of the T wave, defined as the time the negative deflection
of the T wave returned to the baseline [17,18]. Body weight, tibia length, and left ventricular
(LV) weight were measured for each animal and recorded at the time of tissue harvesting.

Ventricular myocytes were isolated using previously described procedures [19,20]. Briefly,
hearts were removed from anaesthetized (avertin, 0.25 mg kg-1, intraperitoneal injection)
10-12 week old male WT and aMHC493/* mice, mounted on a Langendorf apparatus and
perfused retrogradely through the aorta with 25 ml of (0.8 mg mI~1) collagenase-containing
(type I, Worthington Biochemical Corp., Lakewood, NJ, USA) solution [19,20]. Following
the perfusion, the LV free wall, LV apex and interventricular septum were separated using a
fine scalpel and iridectomy scissors. Each of the tissue pieces was mechanically dispersed
(separately), resuspended in Medium 199 (Sigma Chemical, St. Louis, MO, USA), plated on
laminin-coated coverslips, and maintained in a 95%air-5%CO> incubator. Whole-cell
voltage-clamp recordings were obtained from myocytes within 12 h of isolation at room
temperature (22-24°C) [19,20]. All voltage-clamp experiments were performed using an
Axopatch 1B amplifier (Molecular Devices, Sunnyvale, CA, USA), interfaced to a
microcomputer with a Digidata 1332 analog/digital interface and the pCLAMP9 software
package (Molecular Devices).

For recording of whole-cell K* currents, pipettes contained (in mM): KCI 135; EGTA 10;
Hepes 10; K,ATP 5; and glucose 5 (pH 7.2; 310 mosmol I71). The bath solution contained
(in mM): NaCl 136; KCI 4; MgCl, 2; CaCl, 1; CoCl, 5; tetrodotoxin (TTX) 0.02; Hepes 10;
and glucose 10 (pH 7.4; 300 mosmol 171). Whole-cell voltage-gated outward K* (Kv)
currents, evoked in response to 4.5 s depolarizing voltage steps to test potentials between
-60 and +40 mV (10 mV increments) from holding potential (HP) of =70 mV, were
recorded, as previously described [19,20]. Depolarizing voltage steps were presented at 10
sec intervals to allow complete recovery of delayed rectifier Kv currents between sweeps
[19,20]. Currents (k1) through inwardly rectifying K* (Kir) channels, evoked in response to
hyperpolarization to =120 mV from the same HP, were also recorded from each cell [20].
Acquired voltage-clamp data were filtered a 5 kHz prior to digitization and storage, and
subsequently analyzed offline using Clampfit (v. 9.2, Molecular Devices). Integration of the
capacitive currents recorded during brief + 10 mV voltage steps from =70 mV provided
whole-cell membrane capacitances (Cy,). Peak Kv current and I, amplitudes were
measured as the maximal amplitudes of the outward and inward currents, respectively,
evoked at each test potential under the recording conditions described above. The amplitudes
of the Kv current components, lyg , It s, Ik slows and lsg, in individual interventricular
septum, LV apex and LV wall myocytes (n values are provided in the Figure legends and in
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Table 2), were determined from double or triple exponential fits to the decay phase of the
outward K* currents, as previously described [19,20].. Current amplitudes were normalized
to the whole-cell membrane capacitance (in the same cell) and current densities (in pA pF™1)
are also reported.

2.5. Transcript analyses

Total RNA from the interventricular septum, LV apex or LV free wall of (10-12 week) male
aMHC403* and WT mice was isolated and DNase treated using previously described
methods [16]. RNA concentrations were determined by optical density measurements. Using
equal amounts of RNA, transcript analysis of genes encoding K* channel pore-forming (a)
and accessory subunits, markers of pathological hypertrophy, as well as of control genes,
including glyceraldehyde 3-phosphate dehydrogenase (Gapaf) and hypoxanthine guanine
phospho-ribosyl transferase (Hprif), was carried out using SYBR green RT-PCR in a two step
process [16]. The primers used for the quantitative RT-PCR analyses are provided in Table 1.
Transcript data were normalized to Hprtand analyzed using the threshold cycle (Ct) relative
quantification method [16]. Results are expressed as mean + SEM 2-ACt (N = 6) values
[16].

2.6. Statistical analyses

3. Results

All electrophysiological, morphological, and transcript data are presented as mean + SEM.
Electrophysiological data from individual myocytes from different regions of the left
ventricles from multiple animals were analyzed. The total numbers of cells (n) included in
the analyses and the total numbers of animals (N) from which these cells were obtained are
indicated in the Figure legends. In all experiments, the statistical significance of observed
differences between experimental groups was evaluated using the Student’s t test; a two-
tailed P value <0.05 was considered statistically significant.

3.1. LV hypertrophy is not evident in 10-12 week old male aMHC403/* mice

It has previously been reported that LV wall dimensions in 10-20 week old male
aMHC403/+ and age-matched wild-type (WT) mouse hearts are not significantly different
[10]. These observations suggest that this age, in this mutant mouse line, corresponds to the
pre-clinical phase of congenital hypertrophic cardiomyopathy, i.e., prior to evidence of
cellular/ventricular hypertrophy [6,10]. To explore this hypothesis further and as background
for the cellular electrophysiological ventricular studies, we examined the hearts of male
aMHCA403/+ animals at 10-12 weeks in detail. Visual examination of echocardiographic
images revealed no significant differences in the thickness of the posterior LV wall or the
interventricular septum in 2D short axis cine loops of the LV of a MHC403/+ and WT
animals (Figure 1A). M-mode analysis of LV posterior wall thicknesses also revealed no
differences, with mean + SEM LV posterior wall thicknesses of 0.94 £ 0.04 mm (n = 5) and
0.89 + 0.02 mm (n = 5) in aMHC493/* and WT mice, respectively (Figure 1B). The mean *
SEM left ventricular mass to tibia length ratios (LVM/TL) determined in 10-12 week old
male aMHC493/+ and WT animals were also similar (Figure 2C). In addition, histological
measurements from trichrome-stained transverse sections of LV free wall and
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interventricular septum (Figure 2A) revealed that mean £ SEM LV myocyte cross-sectional
area is not significantly different in 10-12 week old male aMHC493/* compared with WT,
hearts (Figure 2B). There is, therefore, no anatomical indication of LV hypertrophy in male
aMHC403* mice at 10-12 weeks of age (see Discussion).

3.2. QT interval prolongation in 10-12 week old aMHC#%3/* mice

To determine whether the systemic electrophysiological consequences of the expression of
the mutant a MHC protein are already present in young (10-12 week) male a MHC#03/+
mice prior to any echocardiographic evidence of LV hypertrophy, surface
electrocardiographic (ECG) recordings were obtained from anesthetized (10-12 week old)
male aMHC493/+ and WT animals. As illustrated in Figure 3, surface ECG recordings
revealed that QT intervals are clearly prolonged in (10-12 week) a MHC*93/* (Figure 3B),
compared with WT (Figure 3A), mice. The mean = SEM QT interval measured in
aMHCA403/* mice, for example, was 71 + 2 ms (n = 15), significantly (£<0.001) longer than
the value of 59 + 1 ms measured in WT (n = 18) mice (Figure 3C). In contrast, there were no
significant differences in mean + SEM RR, PR, and/or QRS durations in (10-12 week)
aMHC403/* and WT animals (Figure 3C).

3.3. Repolarizing K* current amplitudes are decreased in aMHC4%3/* LV myocytes

Whole-cell voltage-clamp recordings were obtained from myocytes isolated from the
interventricular septum of 10-12 week old male a MHC493/* and WT mice; representative
recordings are presented in Figure 4. As described in Methods, voltage-gated K* (Kv)
currents were evoked in response to (4.5 sec) voltage steps to test potentials between —40
and +40 mV from a holding potential of =70 mV. Inwardly rectifying K* (Kir) currents (Ix1)
evoked at —120 mV from the same holding potential were also recorded in each cell (Figure
4). The voltage-clamp protocol is illustrated below the current records in Figure 4, panels A
and B.

As illustrated in the representative records presented in Figure 4, peak outward Kv (I peak)
current amplitudes at all test potentials were lower in the myocyte isolated from the
interventricular septum of the aMHC493/* animal (Figure 4B), compared with the
interventricular septum cell isolated from an age-matched WT mouse (Figure 4A). The
mean + SEM I peak amplitude was also significantly (£<0.001) lower in aMHC403+(n =
11), than in WT (n = 19), interventricular septum myocytes (Table 2). It has been shown
previously that the decay phases of the Kv currents in mouse interventricular septum
myocytes are best described by the sum of 3 exponentials, reflecting the inactivating currents
lto,f: lto,s» and Ik sjow, and a noninactivating current, lgs [19]. Kinetic analyses of the Kv
currents in records such as those shown in Figure 4A and B revealed that mean + SEM Iy,
lto,s and Ik siow amplitudes were significantly lower in aMHC403* compared with WT,
interventricular septum myocytes (Figure 4C; Table 2). Mean £ SEM Ig and Ik, amplitudes
in aMHCA03* and WT interventricular septum myocytes, however, were not significantly
different (Figure 4C; Table 2). Whole-cell membrane capacitance (Cp,) values, determined
from integration of the capacitive transients recorded during brief (25 ms) sub-threshold
+10 mV voltage steps from —70 mV, were indistinguishable in a MHC4%3/* and WT
interventricular septum myocytes, with mean + SEM C,, values of 160 + 7 pF (n = 11) and
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148 £ 5 pF (n = 19), respectively (Table 2). Normalization of the amplitudes of the
individual Kv and Kir current components to the measured Cy,, values (in the same cell)
revealed that mean + SEM Ik peak; ltof: lto,s: @nd Ik siow densities were significantly lower in
aMHC403* than in WT, interventricular septum myocytes (Figure 4F; Table 2). Mean +
SEM Ig and Ik densities in a MHCA#03/* and WT interventricular septum myocytes, in
contrast, were not significantly different (Figure 4F; Table 2).

Additional experiments were completed to determine whether there were also effects on
repolarizing K* current amplitudes in other regions of the LV of a MHC403/* animals. Using
established protocols [19,20], identical to those described above, whole-cell voltage-clamp
recordings were obtained from myocytes isolated from the LV free wall and the LV apex of
young male a MHC#03/* and age-matched WT (littermates) mice (Figure 5). Similar to the
findings for interventricular septum myocytes, the mean + SEM C, values in aMHC#03/*
and WT LV free wall myocytes, as well as in aMHC4%3/+ and WT LV apex myocytes, were
not significantly different (Table 2). The mean + SEM Ik,peak amplitudes (and densities),
however, were significantly lower in aMHC#03/*, compared to WT, LV free wall (/< 0.01)
and apex (A<0.05) myocytes (Figure 5, panels C and F). In adult mouse LV apex and free
wall myocytes, which lack Iy, s [19] the decay phases of the Kv currents are best described
by the sum of 2 exponentials, reflecting Iy, £ and Ik sjow, and the noninactivating current, lgg
[19,20]. Mean + SEM Iy, ¢ (A<0.05) and Iksjow (P<0.01) densities were significantly lower in
aMHCA403 than in WT, LV free wall myocytes (Figure 5C), whereas mean + SEM I and
I1 densities in a MHC#93/+ and WT LV free wall myocytes were not significantly different
(Figure 5C; Table 2). Analysis of the Kv currents recorded from aMHC and WT LV apex
myocytes (Figure 5, Panels D and E) also revealed small, but statistically significant
(P<0.05), differences in I peak and Ik siow amplitudes/densities in LV apex cells from young
male aMHC493/* compared with WT, mice (Figure 5F; Table 2). The densities of the other
K* currents, li 1, lss and iy, in contrast, were similar in aMHC*%3* and WT LV apex cells
(Figure 5F; Table 2).

3.4. Transcriptional remodeling in aMHC403/* ventricles

It has been reported previously that ventricular hypertrophy is associated with the increased
expression of several genes, including atrial natriuretic factor (Anf) and B-myosin heavy
chain (Myh?), both of which are often considered as markers of cardiac hypertrophy [21,22].
Additional experiments were conducted, therefore, to quantify the expression levels of the
transcripts encoding these proteins in ventricular tissues from young (10-12 week) male
aMHC493/* mice prior to any evidence of LV myocyte or ventricular tissue hypertrophy.
Quantitative RT-PCR analyses were performed using RNA prepared from tissues isolated
from different regions (interventricular septum, LV free wall and LV apex) of the hearts of
young (10-12 week old) male a MHCA93/* and WT mice using previously described
methods [16]. Using equal amounts of RNA, the expression levels of Anfand Myh7, as well
as of control genes, were quantified [16]. As illustrated in Figure 6A, quantitative RT-PCR
analyses revealed that expression of the transcript encoding Anfwas significantly (P<0.001)
higher in aMHC493/* compared with WT, septum, whereas Myh7 expression levels in
aMHC403* and WT septum were indistinguishable (Figure 6A). Similar results were
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obtained in analyses of RNA from WT and aMHC493/* LV free wall and LV apex, i.e., Anf
expression was increased, whereas My/7was not (Figure 6 B and C) (see Discussion).

Additional experiments were completed to determine the expression levels of the transcripts
encoding the channel subunit proteins previously shown to encode the various functional
voltage-gated K* channels (lio £, los, I slow1, Ik slow2) Present in adult mouse ventricular
myocytes [23-35]. These analyses revealed that the expression levels of several (but not all)
K* channel subunits were lower in the aMHC493/* compared with WT, ventricular tissue
samples (Figure 6). In the septum, for example, the transcripts encoding the Ik sjow2 channel
pore forming (a.) subunit Kcnbl (Kv2.1) [27], as well as Kcnd3 (Kv4.3) [34] and the Iy,
channel accessory subunit, Kcnip2 (KChlP2) [29,31,35], were significantly lower in the
aMHC403* compared with the WT, samples, whereas the expression levels of other Kv
channel subunits, including Kcna2 (i, ) [33] and Kcnas (I siow1) [25,30,32], were similar
in aMHCA03* and WT septum (Figure 6A). The expression levels of the transcripts
encoding the Ik channel subunits, Kcry2 (Kir2.1) and Kerj12 (Kir2.2) [36], and the two
pore domain K* channel subunit Kcnk3 (TASK-1), which has been suggested to contribute
to I in rat cardiomyocytes [37], were also lower in the a MHC#03/* compared with WT,
interventricular septum (Figure 6A) tissue samples (see Discussion).

Analyses of K* channel subunit expression levels in LV free wall and apex (Figure 6B and
6C) tissue samples from a MHC#93/* and WT animals revealed similar differences.
Specifically, KcnipZ, Kenb1, Kend3, Kenk3, Kenf2 and Kenyj12 expression levels were
lower in LV free wall (Figure 6B) and LV apex (Figure 6C) from a MHC4%3/* compared
with WT, animals. In addition, however, the transcript encoding the Iy, f channel pore
forming (a) subunit Kecna2 (Kv4.2) [33] was found to be expressed at lower levels in both
LV wall (Figure 6B) and LV apex (Figure 6C) tissue samples from the a MHC493/+ animals
(see Discussion). In contrast, no significant differences in the expression levels of the
transcripts encoding Kcna4 (Kvl.4), Kcna5 (Kv1.5) or Kcnk2 (TREK-1) expression were
detected in aMHC#93/* and WT LV free wall and LV apex (see Discussion).

4. Discussion

4.1 Electrical remodeling precedes aMHC#93/* ventricular myocyte hypertrophy

Consistent with previous studies [9,10], the experiments here revealed that LV hypertrophy
is not detectable in 10-12 week old male aMHC493/* mice. Direct echocardiographic
analyses and histological examination revealed no differences in LV wall thickness or in
relative LV myocyte cross sectional area in 10-12 week old male aMHC?#03/* and WT
animals. Although no structural LV hypertrophy was detected, electrocardiographic (ECG)
abnormalities were observed in 10-12 week old male a MHC*93* mice. Analyses of surface
ECG recordings obtained from pre-hypertrophic male a MHC403/* mice revealed that QT
intervals were prolonged significantly (P<0.001), compared with age-matched WT animals.

Consistent with the lack of measureable ventricular hypertrophy in 10-12 week old male
aMHC403+ mice, whole cell membrane capacitances measured in myocytes isolated from
the interventricular septum and from the LV (apex and free wall) of a MHC#03/+ and WT
animals were not significantly different (Table 2). Whole-cell voltage-clamp experiments,
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however, revealed that peak outward K* current (Ik peak) amplitudes/densities in myocytes
isolated from the interventricular septum of 10-12 week old male a MHC#%3/* mice were
significantly (A<0.001) lower than in septum cells isolated from WT mice. Analyses of the
outward Kv current waveforms revealed that Iy £ (£<0.05), lyg s (A<0.001) and Ik siow
(P<0.001) amplitudes/densities in a MHC#93/* interventricular septum myocytes were
significantly lower than Iy, f, lto s and Ik siow amplitudes/densities in septum cells from age
matched littermate controls (Table 2). In marked contrast, Iss and lx; amplitudes/densities in
aMHCA403/+ and WT interventricular septum myocytes were not significantly different
(Table 2). Whole-cell voltage-clamp recordings also revealed attenuation of Kv currents in
LV free wall and LV apex myocytes from aMHC?*03/* compared with WT, mice.
Importantly, the reductions in the densities of the repolarizing K* currents reflect decreased
K* current amplitudes only as no measureable differences in whole-cell membrane
capacitances were observed. Interestingly, previous studies of electrical remodeling in
pressure overload-induced pathological left ventricular hypertrophy [16] and in
physiological hypertrophy [38] have also revealed that cellular hypertrophy and functional
ion channel expression levels are differentially regulated. In addition, the observation that
repolarizing K* current amplitudes are reduced in aMHC493/* LV cells suggests a
mechanism for remodeling in response to the expression of the mutant a MHC#%3/* protein
or alterations in downstream signaling pathways.

The experiments here also revealed regional differences in the effects of HCM on both the
peak outward currents and the individual Kv current components. The magnitudes of the
reductions in the amplitudes/densities of both I peak and I siow, for example, were greater
in interventricular septum myocytes than in either LV free wall or LV apex myocytes (Table
2). In addition, in aMHC493* interventricular septum myocytes, mean + SEM lyy ¢
amplitude (density) was significantly lower than in WT septum cells, whereas mean + SEM
lto.f amplitudes/densities in « MHC*03+ and WT LV free wall and LV apex myocytes were
not significantly different (Table 2). Numerous previous studies have demonstrated that
down-regulation of repolarizing K* currents and increased dispersion of ventricular
repolarization in the context of pathological cardiac hypertrophy are potentially
arrhythmogenic [39]. Interestingly, the marked regional differences in the remodeling of
repolarizing Kv currents observed in the a MHC*93/* mice would be expected to increase the
dispersion of ventricular repolarization and be proarrhythmic.

4.2 Molecular remodeling in young aMHC403* ventricles

Although the morphological and electrical measurements did not detect cellular or LV tissue
hypertrophy in young aMHC493/* animals, quantitative RT-PCR analysis revealed that the
expression of the hypertrophy marker, Anf, is increased several-fold in the interventricular
septum in LV free wall and in the LV apex of young aMHC493/* compared with WT age-
matched, mice, possibly suggesting an early molecular marker of pathology, i.e., prior to the
measureable hypertrophy of LV ventricular myocytes in this model. Expression of the other
hypertrophy marker, Myh7, however, was not increased in 10-12 week male a MHC403/+
ventricles, consistent with the cellular and the functional data. It seems likely that increased
Anfexpression is an early marker of molecular remodeling that precedes hypertrophy in this
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aMHC403* model, as has been reported previously for other, molecularly similar, mouse
models of hypertrophic cardiomyopathy [22].

The molecular analyses here also revealed rather small, but in some cases statistically
significant, differences in the expression levels of several Kv channel subunits in
aMHC403+ and WT ventricles, some of which appear to be correlated with changes in
current amplitudes/densities. The electrophysiological experiments here, for example,
revealed that Ik g0 amplitudes/densities were decreased in aMHC403* interventricular
septum, LV free wall and LV apex myocytes (Table 2). The quantitative RT-PCR analysis,
for example, revealed differences in the expression of Kcnbl, which underlies one
component of Ik siow, Ik slow2 [27]. Significant differences were also observed in the
expression levels of the Kcnijp2transcript, which encodes the Iy,  channel accessory subunit,
KChIP2 [29,31,35], in aMHC#03/* and WT interventricular septum, LV free wall, and LV
apex. lyo  amplitudes/densities, however, were only different in (wMHC*%3* and WT)
interventricular myocytes, but not in LV free wall or LV apex myocytes. In addition, Kcnd3
(Kv4.3), which does not contribute to the generation of mouse ventricular Iy, s channels [34],
is reduced in aMHCA#03* compared with WT, interventricular septum, LV apex and LV free
wall. In marked contrast, Kcnd2, which encodes the pore-forming subunit, Kv4.2, of mouse
ventricular Iy, s channels [33], is lower in the LV free wall and apex, but not the
interventricular septum, of aMHCA#03/* hearts, whereas lto,f amplitudes/densities are lower in
the aMHC493/* compared with WT, septum, but not in aMHC#03/* LV free wall or apex
myocytes. In addition, expression of the transcripts (Kcnj2and Kcnj12) encoding the
inwardly rectifying K* (Ix1) channel subunits, Kir2.1 and Kir2.2, are significantly lower in
aMHC403* than in WT, interventricular septum, LV free wall and LV apex, whereas Ik
densities are not different. In contrast, no significant differences in Kcna4, which underlies
lto,s, €Xpression in aMHC*%* and WT septum samples, were observed, although Iy s
amplitudes/densities were significantly lower in a MHC493/* compared with WT, septum
myocytes.

The observed differences in repolarizing K* current amplitudes/densities in aMHC403/* and
WT LV myocytes, therefore, are not correlated with differences in the transcript expression
levels of the underlying channel subunits, suggesting that post-transcriptional and/or post-
translational mechanisms underlie the observed differences in K* current amplitudes/
densities prior to the onset of cellular hypertrophy.

4.3 Conclusions

Despite increasing knowledge of the genetic underpinnings of familial HCM, the
pathophysiological mechanisms linking identified genetic lesions to electrical dysfunction
remain poorly understood. The pathogenesis of ventricular tachyarrhythmias, for example,
the most common cause of sudden cardiac death in HCM, is not clear, although ventricular
tachyarrhythmias have been suggested to be secondary to hypertrophy, myocardial ischemia,
interstitial fibrosis, and abnormal CaZ* homeostasis. The results presented here demonstrate
that electrical remodeling in young (10-12 week old) male a MHC4%93/* mice is associated
with electrocardiographic abnormalities, specifically QT interval prolongation, without
evidence of LV hypertrophy or LV myocyte hypertrophy. The results of experiments
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completed here also demonstrate marked reductions in the densities of repolarizing K*
currents and that there are regional differences (e.g., in the interventricular septum,
compared with the LV free wall and the LV apex) in K* current remodeling. Further studies
focused on identifying the signaling pathways that trigger the electrical remodeling and
result in QT prolongation in this model will be of considerable interest. Therapeutic
strategies aimed at reducing the electrical remodeling of repolarizing K* channels would,
therefore, appear to be a promising approach in the treatment of HCM-associated ventricular
arrhythmias.
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Highlights
. Cardiac hypertrophy is not evident on echocardiographic examination of
young (10-12 week) a MHC4%3/* male mice.
. QT prolongation is marked in young (10-12 week) aMHC493/* male mice.
. Morphological and membrane capacitance measurements do not reveal

hypertrophy of 10-12 week old male a MHC*93/* ventricular myocytes.

. Repolarizing voltage-gated K* (Kv) current amplitudes/densities are reduced
in ventricular myocytes isolated from young (10-12 week old) a MHC403/*,
compared with WT, mice.

. Transcriptional remodeling of K* channel subunits is evident in the ventricles
of male (10-12 week old) a MHC?#03/* mice.
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Figure 1. Transthoracic echocardiographic images reveal no significant abnormalities in diastolic
LV wall dimensions in young (10-12 week) male aMHC403* animals

(A) Representative transthoracic echocardiographic images (M-mode) of the interventricular
septum and the LV posterior wall of 10-12 week old WT and a MHC#%3* male mice. (B)
No significant differences are evident in mean + SEM diastolic LV posterior wall (LVPW) or
interventricular septum (1VS) or left ventricular inner diameter (LVID) dimensions in WT
(N = 8) and aMHC#03* (N = 8) mice.
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Figure 2. Cross-sectional areas of LV wall and septum myocytes in young (10-12 week) male WT
and aMHC493* mice are indistinguishable

(A) Representative transverse sections of the LV wall and interventricular septum in WT and
aMHC403/* hearts, stained with Masson Trichrome, are shown. The white dashed lines were
added to the images to outline the borders of individual myocytes (scale bar = 50 um). (B)

LV mass/tibia length (LVMY/TL) ratios, determined in WT (N = 10) and a MHC*%* (N =
10) animals (individual and mean values are shown), are not significantly different. (C)
Mean + SEM relative cross-sectional areas of both LV wall (n = 70) and interventricular
septum myocytes (n = 65), measured in WT (N = 2) and a MHC*%/* (N = 2) animals, are
indistinguishable.
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Figure 3. QT prolongation is evident in young (10-12 week) male aM HC403/* mice
Representative (lead 11) ECG waveforms from anesthetized (A) WT and (B) a MHC#03/+

mice are shown; individual PQRST waveforms are shown on an expanded time scale on the
right of each record. (C) Mean + SEM RR, PR, and QRS intervals are indistinguishable in
WT (N = 18) and aMHC493/* (N = 15) mice, whereas the mean + SEM QT interval is
significantly (*P<0.001) prolonged in a MHC493/* (N = 15), compared with WT (N = 18),
mice.
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Figure 4. Repolarizing K* current amplitudes/densities are significantly lower in myocytes
isolated from the interventricular septum of young (10-12 week) male aMHCA403/+) compared
with WT, mice

Representative whole-cell K* current waveforms, recorded from isolated WT (A) and
aMHC403/+ (B) interventricular septum myocytes in response to (4.5 s) voltage steps to test
potentials between =120 and +40 mV from a holding potential (HP) of =70 mV, as described
in Methods, are shown; the protocol is illustrated below the current records. Peak outward
K* currents were measured in each cell as the maximal outward current at +40 mV, and Ik
amplitudes in each cell were measured as the maximal inward current measured at =120 mV.
The amplitudes of the individual Kv current components, li 1, lio s, Ik slow and lgg, were
determined from exponential fits to the decay phases of the total outward currents evoked at
+40 mV. (C) Mean £ SEM Ik peak: lto f: ltoss 1K slows Iss and k1 amplitudes in WT (n=19; N
= 4) and aMHC4%3/* (n = 11; N = 3) interventricular septum myocytes are plotted. The
amplitudes of each of the currents in each cell were normalized to the whole-cell membrane
capacitance (measured in the same cell) to provide current densities. Normalized current
densities for the representative WT and a MHC#03/* interventricular myocyte currents shown
in (A) and (B) are presented in (D) and (E), respectively. Mean + SEM Ik peak, lo £ lto,s:

I stows Iss and Iy densities in WT (n = 19; N = 4) and aMHC*03* (n = 11; N = 3)
myocytes are presented in (F). *# Values in WT and a MHC493/* are significantly different
in aMHCA403* compared with WT, interventricular septum cells at the */£<0.001

and #P<0.05 levels.
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Figure 5. Peak outward K* current densities are also significantly lower in myocytes isolated
from the LV free wall and from the LV apex of young (10-12 week) male aM HCA03/+ , compared
with WT, mice

Representative whole cell outward K* current waveforms, recorded from isolated WT (A)
and aMHC493/* (B) LV wall myocytes, as described in the legend to Figure 4, are shown.
Note that the currents were normalized to the whole-cell capacitance (in the same cell) and
current densities are plotted. (C) Mean + SEM Ik peak; lto,f and Ik siow densities are
significantly lower in aMHC493* (n = 16; N = 4) than in WT (n = 13; N = 2), LV wall cells.
Representative whole-cell K* current waveforms in WT (D) and a MHC#93* (E) LVapex
myocytes, recorded as described in Figure 4, are also shown. (F) Mean + SEM Ik peak and

I siow densities are significantly lower in aMHC*%* (n = 11; N = 3), compared with WT
(n=21; N = 4), LV apex cells. T#Values in WT and a MHC*03* are significantly different at
the TAP<0.01 and #P<0.05 levels.
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Figure 6. Expression levels of transcripts encoding several K* channel subunits are lower in LV
isolated from young (10-12 week) male aMHCA403/+, compared with WT, animals

Mean + SEM RNA expression levels (arbitrary units) of hypertrophy markers and K*
channel pore-forming and accessory subunits and WT (N = 6) and a MHC#03/* (N = 6)
interventricular septum (A), LV wall (B) and LV apex (C) are shown. Indicated values are
significantly (#P<0.001; T/<0.01; #/<0.05) different in a MHCA403/* and WT samples.
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Table 1

Sequence Specific Primers used in SYBR Green RT-PCR

Gene Protein  Forward Primer Reverse Primer

Anf ANF 5-CACTGTGGCGTGGTGAACA 5’-TCGTGATAGATGAAGGCAGGAA
Myh7 aMHC 5-TGAATGAGCACCGGAGCAA 5’-CTGGCTGGTGAGGTCATTGA
Kend2 Kv4.2 5-GCCGCAGCACCTAGTCGTT 5’-CACCACGTCGATGATACTCATGA
Kend3 Kv4.3 5-CCTAGCTCCAGCGGACAAGA 5'-CCACTTACGTTGAGGACGATCA
Kenip2  KChIP2  5-GGCTGTATCACGAAGGAGGAA 5’-CCGTCCTTGTTTCTGTCCATC
Kcnad Kvl.4 5-AGAGGCGGATGAACCCACTA 5’-GCCCACCAAAACGCATCT

Kcnab Kvl5 5-AAAGTGTCACCTAAAGGCCAAGAG 5-CCAGACAGAGGGCATACAGAGA
Kenb1 Kv2.1 5-CACACAGCAATAGCGTTCAACTT 5’-AGGCGTAGACACAGTTCGGC
Kcenk2  TREK1  5’-CCTTTTGTGCCCAGACTGTTTC 5’-GCAAAGCATTCAGATTCATTCATAG
Kcnk3  TASK1  5’-GCTTCCGCAACGTCTATGC 5’-GGGATGGAGTACTGCAGCTTCT
Kenj2 Kir2.1 5’-AAGAGCCACCTTGTGGAAGCT 5’-CCTTCTGAAGTGATCCTAGATTTGAGA
Kenf12 Kir2.2 5’-AGCACCACCCTGACCACAAT 5’ CTGAGCAACCCTACCCCAA

Hprt HPRT 5-TGAATCACGTTTGTGTCATTAGTGA 5-TTCAACTTGCGCTCATCTTAGG
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