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Aims lon channel remodelling and ventricular conduction system (VCS) alterations play relevant roles in the generation of
cardiac arrhythmias, but the interaction between ion channel remodelling and cardiac conduction system dysfunctions
in an arrhythmogenic context remain unexplored.

Methods We have used a transgenic mouse line previously characterized as an animal model of Long QT Syndrome (LQTS) to

and results analyse ion channel remodelling and VCS configuration. Reverse transcriptase-PCR and immunohistochemistry ana-
lysis showed early cardiac sodium channel upregulation at embryonic stages prior to the onset of Kv potassium
channel remodelling, and cardiac hypertrophy at foetal stages. In line with these findings, patch-clamp assays demon-
strated changes in sodium current density and a slowing of recovery from inactivation. Functional analysis by optical
mapping revealed an immature ventricular activation pattern as well as an increase in the total left ventricle activation
time in foetal transgenic hearts. Morphological analysis of LQTS transgenic mice in a Cx40°™"'* background demon-

strated VCS dysmorphogenesis during heart development.

Conclusions Our data demonstrate early sodium channel remodelling secondary to lgs blockage in a mouse model of LQTS
leading to morphological and functional anomalies in the developing VCS and cardiac hypertrophy. These results
provide new insights into the mechanisms underlying foetal and neonatal cardiac electrophysiological disorders,
which might help understand how molecular, functional, and morphological alterations are linked to clinical patholo-
gies such as cardiac congenital anomalies, arrhythmias, and perinatal sudden death.
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mutations involving cardiac ion channels result in abnormal AP forma-

1. Introduction

tion or propagation, leading to cardiac arrhythmias classified as

Membrane ion channels and transporters are key determinants of
cardiac electrical function. Specialized cardiac electrical properties
are determined by characteristic expression profiles of cardiac ion
channels. This is critical for a range of physiological processes includ-
ing action potential (AP) generation and propagation. Cardiac disease
importantly alters ion channel expression in ways that promote
arrhythmogenesis and contractile dysfunction.1 Abnormalities in
cardiac ion channel function or in their associated regulatory proteins
may lead to arrhythmias and sudden cardiac death. Therefore,

cardiac channelopathies such as congenital long QT syndrome
(LQTS), Brugada syndrome, catecholaminergic polymorphic ventricu-
lar tachycardia, and short-QT syndrome.1

In addition to ion channel defects, alterations in the cardiac conduc-
tion system (CCS) especially the His-Purkinje system have also been
implicated as an important factor in lethal ventricular arrhythmias,
such as ventricular fibrillation and drug-induced torsades des pointes.*
In the CCS, ion channels are specialized and differ from those in
the working myocardium, as they provide the electrical activity
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required for its proper function. Although changes in the expression
and/or configuration of ion channels and connections within the con-
duction system may have fatal consequences—they can generate
arrhythmogenic processes—, the role of the His-Purkinje system in
the genesis and maintenance of ventricular arrhythmias secondary
to LQTS are not yet well understood.

In this study, we compared changes in ion channel expression and
ventricular conduction system (VCS) configuration in the transgenic
model of LQTS generated by Demolombe et al’ In this model,
KvLQT1 (Keng1) was functionally invalidated by overexpression of
the dominant-negative isoform-2 under the control of the a-myosin
heavy chain promoter. We observed that these mice developed
cardiac hypertrophy at foetal stages. Optical mapping analyses
revealed that transgenic embryonic and foetal hearts also presented
aberrant VCS function, which correlated with the abnormal architec-
ture detected by morphological examination. Moreover, we found
that remodelling of cardiac sodium channel was already present at
embryonic stages in these transgenic mice. These observations indi-
cate that sodium channel remodelling and VCS alterations occur
very early during heart development, prior to Kv potassium channel
remodelling and before the onset of the cardiac hypertrophy in this
transgenic model of LQTS. In addition, this finding suggests that ion
channel remodelling and aberrant VCS architecture may be associated
with underlying arrhythmogenic pathologies such as LQTS.

2. Methods

All the experiments were performed in accordance with the European
Commission Directive 86/609/EEC (European Convention for the Protec-
tion of Vertebrate Animals used for Experimental and Other Scientific
Purposes) and approved by the Animal Use and Care Committee of
the University of Jaén.

2.1. Embryonic and adult transgenic mice

The transgenic mice overexpressing human KvLQT1 dominant-negative
isoform (a-MHC-KvIQT1-is02-T7)° was kindly provided by the group
of Denis Escande (Nantes, France). Adult mice (6—8 months) and
female pregnant mice were killed by cervical dislocation and adult
whole hearts as well as embryonic whole hearts from embryonic day
(E) 14.5 and E18.5 were isolated as previously described.* Cardiac hyper-
trophy was determined by heart weight/body weight ratio, myocardial
cross-sections, and expression levels of two cardiac hypertrophy
markers, a-smooth muscle actin (a-SMA) and (3 myosin heavy chain
(B-MHC) in adult, foetal (E18.5) and embryonic (E14.5) hearts. Nav1.5
and Connexin 43 expression were evaluated by immunohistochemistry
and western blot. Further details are provided in the Supplemental
Material.

2.2. Electrocardiogram and patch-clamp
recordings

Mice were anaesthetized with 2 mg/kg ketamine (PARKE-DAVIS, S.L.)
intraperitoneally as described elsewhere.” Electrocardiogram (ECG)
recordings were registered and analysed using a digital acquisition and ana-
lysis system (Power Lab/4SP; www.adinstrument.com www.adinstrument.
com). Adequate anaesthesia was ensured by monitoring heart rate and the
absence of a withdrawal response to a paw pinch. When recordings were
finished, animals were euthanized by ketamine overdose followed by cer-
vical dislocation. Further details are provided in the Supplemental
Material.

Ventricular cardiomyocytes were isolated from adult male mice using a
dissociation method similar to that previously described.® Briefly, adult

male mice were killed by cervical dislocation. The heart was rapidly
removed; the aorta was cannulated on a Langendorf system. A calcium
containing solution was used to (for 2—3 min) to rinse out remaining
blood. Enzymatic digestion was performed as previously described® and
calcium-tolerant, quiescent, rod-shaped cells with clear, regular cross-
striations were selected for electrophysiological recordings. Sodium
currents were recorded in the ruptured patch configuration of the
patch-clamp technique at room temperature in 14 ventricular myocytes
from five HO5 hearts and eight myocytes from five WT littermates.
Pipette resistances were between 1 and 1.5 Mega-Ohms. Series resistance
compensation was used to maximize voltage control. Extracellular solu-
tions contained (in mM): NaCl 11, CsCl 116, MgCl, 1, CaCl, 1, HEPES
10, and glucose 10. pH was adjusted to 7.4 with CsOH. The intracellular
medium contained (in mM): CsCl, 146, EGTA 10, Mg,ATP 3, MgCl, 1,
Na,Phosphocreatine 4, Li,GTP 0.42, HEPES 10. pH was adjusted to 7.2
with CsOH. The current—voltage relationship was established using
3 mV depolarization steps with a holding potential of —100 mV. The
time for recovery from inactivation was determined by stepwise increases
(of 2.5 ms) in the interval between two successive 50 ms depolarization
from —100 to —40 mV.

2.3. Quantitative reverse transcriptase-PCR
(qRT-PCR) analyses

Tissue sample and RNA isolation were performed using standard proce-
dures. Reverse transcriptase (RT)-PCR was performed in the Mx3005Tm
QPCR System with an Mxpro QPCR Software 3000 (Stratagene) and
SYBR Green detection System. Detailed information regarding mRNA
quantitative (qQ)RT—PCR analyses is provided in Supplemental Material.

2.4. Primary mouse embryonic
cardiomyocytes and mouse embryo cultures

A previously described method was modified to isolate and culture em-
bryonic day 14.5 (E14.5) embryonic cardiomyocytes.” Briefly, pregnant
mice were sacrificed by cervical dislocation. Embryos were excised and
transferred to +2°C. Embryonic hearts were microdissected under a
stereomicroscope. Dissected embryonic hearts were submitted to mech-
anical and chemical disaggregation as previously described.” Further details
are provided in Supplemental Material.

Embryonic cultured cardiomyocytes were treated with Chromanol
293B (10 mM) for 24 h. Chromanol 293B was diluted at the time of use
from a 10 mM stock solution containing 100% DMSO. The concentrations
of chromanol 293B (10 mM) were comparable to those used by others
and shown to block IKs in other species.?

For mouse embryo cultures, embryos ranging from 10- to 12-somites
(E8.5—E9.5) stages were cultured until + E10.5 stage as described.’
Three experimental conditions were used. Thus, a group of 15 cultured
embryos were treated with Chromanol 293B (10 wM), whereas a
second group of 15 embryos was provided with Anemona sulcata toxin
(ATXI) (1 wM). As control, 15 cultured embryos were supplied with
Chromanol 293B and ATXIl solvent. After culture embryos were
washed in PBS, cryopreserved in sucrose solutions, included in OCT,
frozen, and cryosectioned. Sections were examined with a fluorescence
microscope (Zeiss Axiophot II).

2.5. Optical mapping
For optical recordings, adult hearts were removed from the chest and im-
mediately perfused through the coronary circulation via the aorta with
oxygenated Tyrode solution at 125 mm Hg. Hearts were stained via
superfusion and perfusion with voltage-sensitive dye (di-4-ANEPPS) for
10 min, as previously described.

Hearts from embryonic stages (E14.5) and foetal stages (E18.5) were
isolated with a piece of torso attached and stained with the voltage-
sensitive dye di-4-ANEPPS (0.002% solution in Tyrodes-HEPES buffer,
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pH 7.4; Molecular Probes and Sigma, respectively) for 5 min at room tem-
perature. Details about optical mapping technique mice were provided re-
cently"" and described in Supplemental Material.

2.6. Cardiac conduction system analysis

To perform the morphological analysis of the CCS, «-
MHC-KvIQT-is02-T7 mice were crossed with CX40°/4+ mice, kindly
provided by Lucile Miquerol (Developmental Biology Institute of
Marseilles-Luminy, Marseille, France). Adult, foetal, and embryonic hearts
were obtained as previously described.” Adult hearts and foetal hearts
(E18.5) were examined after dissection for observation by stereomicro-
scope equipped for GFP detection. Visualization and quantification of
Cx40-positive cell networks using fluorescent illumination was performed
as described previously."” E14.5 and E16.5 hearts were cryopreserved in
sucrose solutions, included in OCT, frozen, and cryosectioned. Sections
were examined with a fluorescence microscope (Zeiss Axiophot Il) and
Cx40-positive trabeculations were quantified by using Image | software.
Further details are provided in Supplemental Material.

2.7. Statistical analyses

Categorical data are described as frequency and percentage. Continuous
data are presented as mean + SD. We used the Chi-square test to test
for differences in ventricular activation patterns. Continuous variables
were compared using unpaired Student’s t-test. A P-value <0.05 was con-
sidered statistically significant.

3. Results

3.1. Sodium channel remodelling and
cardiac hypertrophy in the
a-MHC-KvLQT1-is02-T7 transgenic model
of LQTS

The a-MHC-KvLQT1-is02-T7 transgenic mouse model was generated
and characterized by Demolombe et al® In this mouse model the
KvLQT1 K* channel was functionally inactivated by overexpression of
its dominant-negative isoform-2 under the control of alpha-myosin
heavy chain promoter. This a-MHC-KvLQT1-is02-T7 mouse model
shares common features with the LQTS in patients including long QT
and sinus node dysfunction.3 Among the three transgenic lines estab-
lished (H02, HO5, H08), HO2 and HO8—but not HO5—lines also dis-
played atrioventricular block. In this study, we used the HO5 transgenic
line, which presents a prolonged QT interval as the main electrocardio-
graphic finding (see Supplementary material online, Figures STA—B). Inter-
estingly, HO5 mice display a significantly lower survival rate at 1 year of
follow-up as well as morphologic and molecular signs of cardiac hyper-
trophy (see Supplementary material online, Figure S2A—D).

LQTS is related to KT channel mutations and cardiac sodium channel
mutations (SCNSA)."" It has been previously described that the
a-MHC-KvLQT1-is02-T7 mouse model displays molecular remodelling
of other K™ channels such as the Kv4.2, Kv4.3, and Kv1.5, thus suggest-
ing that this Kv channel remodelling might be responsible for a signifi-
cant part of the ECG phenotype in these transgenic mice.> However,
recent studies have revealed that increases in sodium currents (ly,)
seem to be an important factor in the prolongation of AP duration
and the generation of polymorphic ventricular tachycardia in repolariza-
tion disorders such as the LQTS.14 Therefore, to investigate whether
there is cardiac sodium channel remodelling in the HO5 transgenic
line, we analysed by RT—PCR, western blot and immunohistochemistry
the expression levels of the Nav1.5 cardiac sodium channel a-subunit

(encoding by Scnb5a), as well as the expression levels of its main regu-
latory subunit: the auxiliary B1-subunit (encoding by Scn1b).">"® This
analysis revealed that Scn5a and Scn1b were clearly increased in HO5
o-MHC-KvLQT1-is02-T7 transgenic mice, when compared with wild-
type littermate (Figure 1A—F), indicating that this mouse model of
LQTS displays a clear cardiac sodium channel upregulation.

3.2. Early embryonic sodium channel
remodelling precedes the onset of cardiac
hypertrophy and is secondary to functional
suppression of KvLQT1 channel

To elucidate the timing of the onset of ion channel remodelling and
cardiac hypertrophy in a-MHC-KvLQT1-is02-T7 HO5 transgenic
mice, we carried out morphological and molecular analyses at two dif-
ferent time points of heart development; (i) embryonic stage (E14.5)
when heart septation still is just completed and the ventricular wall is
still fairly trabeculated and (ii) foetal stage (E18.5) where a four-
chamber heart with fully vascularized ventricular compact layer is
formed."” We found that increases in sodium channel subunits (i.e.
Scn5a and Scn1b) were detected in the hearts of HO5 mice as early
as at embryonic stages (E14.5) (Figure 1G—K) and were maintained
at foetal stages (Figure TH—N). Morphological and molecular signs
of cardiac hypertrophy, including increases in myocardial cross-
section with no differences in cell proliferation as well as molecular
remodelling of the potassium channels Kv4.2, Kv4.3, and Kv1.5 were
also detected in the HO5 hearts at foetal stage (E18.5) but not at em-
bryonic stage (see Supplementary material online, Figures S3, S4A—F,
and S5). In this context, it is interesting to highlight that Scn5a and
Scn1b upregulation were not detected in the very early transgenic
hearts (E10.5) (see Supplementary material online, Figure $4G), thus
excluding the possibility that upregulation of sodium channel would
be concurrent with the expression of KviQT1iso2-T7 in the develop-
ing heart. Taken together, these results indicate that cardiac sodium
channel upregulation in this transgenic model occurs as early as em-
bryonic stages before the onset of cardiac hypertrophy phenotype
and potassium channel remodelling at foetal stages. This suggests
that functional suppression of the KvLQT1 potassium channel may
lead to sodium channel upregulation during development.

Therefore, to further analyse the relationship between potassium
channel functional disruption and sodium channel expression at
early developmental stages, we performed in vitro and ex vivo experi-
ments by using primary mouse embryonic cardiomyocyte culture as
well as embryo culture in which KvLQT1 (Kcng1) potassium channels
were blocked by Chromanol 293B treatment.? In line with our in vivo
findings, qRT—PCR analysis showed that the expression levels of
Scn5a and Scn1b were increased in isolated mouse embryonic cardi-
omyocytes after 24 h of Chromanol 293B treatment (Figure 2A). Simi-
larly, ex vivo experiments revealed that Scn5a and Scn1b mRNA
transcripts were clearly upregulated in the hearts of the cultured
embryos treated 24 h with Chromanol 293B (Figure 2B). This indicates
that functional disruption of KvLQT1 channels may trigger Scn5a and
Scn1b expression in the embryonic heart.

3.3. Sodium current recordings in isolated
cardiomyocytes from the HO5 line of the
a-MHC-KvLQT1-is02-T7 transgenic model

To determine whether sodium channel upregulation detected in the
hearts of HO5 mice affects sodium current density, patch-clamp
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Figure I (A) gRT—PCR for Scn5a and Sen1b in adult transgenic and control hearts (n = 5). (B and C) Western blots for Nav1.5 protein (n = 3). (D
and E) Immunohistochemistry analysis for Scn5a (Nav1.5). (G) gqRT—PCR for Scn5a and Scn1b in E10.5, E14.5, E18.5 HO5 and control hearts (n =5
per stage). (H—K) Immunohistochemistry analyses for Scn5a at E14.5 and E18.5. Although Scn5a expression is higher within the developing ventricular
conduction system when compared with working myocardium as previously documented,*'” Scn5a expression is enhanced in the embryonic and
foetal HO5 hearts respect to control (arrows). (F and L) Semi-quantitative analysis of fluorescence intensity. All measured intensities in one
section were performed in at least five different fields and expressed as a percentage of the average intensity value. Results are averaged from mea-
sured performed in three hearts and three sections per heart (total number of sections analysed = 9). *¥P < 0.001, *¥*¥P < 0.0001.
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Figure 2 qRT-PCR for Scn5a and Scnlb in rolling embryonic
culture (A) and primary cultures of embryonic cardiomyocytes (B)
treated with chromanol 293-B (n = 15). To: Time O of treatment.
#kkp < 0.0001.

experiments were performed using isolated ventricular cardiomyo-
cytes of age-and-sex-matched control and transgenic adult mice, re-
spectively. To characterize the sodium current, we focused on four
aspects (i) current—voltage relationship, (ii) voltage-dependent inacti-
vation, (iii) inactivation kinetics, and (iv) recovery time from inactivation.

Figure 3A shows a representative family of current traces recorded at
increasing test potentials; and the current—voltage (I-V) relationship
shown in Figure 3B demonstrated that peak current densities were 30—
40% higher in 14 HO5 transgenic ventricular myocytes from five hearts
when compared with 8 ventricular myocytes from 5 WT littermates.
Similarly, the conductance—voltage relationship shown in Supplementary
material online, Figure S6A revealed a 30—40% higher conductance in HO5
myocytes. Analysis of voltage-dependent inactivation showed no differ-
ences between HO5 transgenic and WT myocytes when normalized cur-
rents were plotted as a function of membrane potentials and fitted by a
Boltzmann equation (see Supplementary material online, Figure S6B).
Moreover, fitting the decay of Iy, with a double exponential revealed
no differences in fast or slow inactivation of Iy, among myocytes
from HO5 and WT littermates (see Supplementary material online,
Figure S6C). However, the recovery time from inactivation was slower
in HO5 transgenic than in WT ventricular myocytes (Figure 3 C-D).

Thus, patch-clamp analysis revealed that the functional conse-
quences of cardiac sodium channel upregulation in the HO5 line of
the a-MHC-KvLQT1-is02-T7 transgenic model includes an increase
in the peak sodium current density and a slowed recovery from
inactivation.

3.4. Functional analysis by ventricular
optical mapping

In the present work, we found Scn5a and Scn1b up-regulation in the
hearts of HO5 transgenic line as early as at the embryonic stages of
development (E14.5). Previous results obtained at our laboratory
pointed out that Scn5a and Scnlb genes are significantly enhanced
in the VCS during mouse cardiogenesis, indicating that they might
play an important role in the development of the mature ventricular
activation pa‘ctern.‘"16 [t has been previously shown that changes in
ventricular activation patterns correlate with CCS development and
maturation.'"'® Therefore, optical mapping analysis was performed
at the embryonic (E14.5) and foetal stages (E18.5) to determine
whether sodium channel upregulation in HO5 transgenic hearts has
functional effects on the development of the mature ventricular acti-
vation pattern. This analysis showed that embryonic WT hearts mainly
present a left—right ventricular activation pattern (60%), whereas em-
bryonic HO5 hearts mostly display a left ventricular activation pattern
(64%), indicating a perturbed function of the developing right bundle
branch (Figure 4A—E). Similarly, foetal WT ventricles have a predom-
inant left—right activation pattern (94%) while foetal HO5 hearts main-
tain a marked left ventricular activation pattern (84%) (Figure 4F—)).
These results demonstrate that HO5 hearts display an abnormal ven-
tricular activation pattern during development.

In addition, we analysed the total left ventricular activation time
under two different experimental conditions: (i) spontaneous
beating, where the electrical impulse is transmitted through the
VCS, and (ii) electrically stimulated contraction where the heart is sti-
mulated by an electrode and the electrical impulse is transmitted
solely through the working myocardium.® We found that under
spontaneous rhythm, the total left ventricular activation time was
similar in HO5 transgenic and wild-type hearts at the embryonic
stages (E.14.5) (Figure 4L), but an increase in the total left ventricular
activation time was detected in HO5 transgenic hearts, when com-
pared with WT littermates at the foetal (E18.5) and adult stages
(Figure 4K—N). Furthermore, analyses of total left ventricular activa-
tion time under stimulated contraction revealed no differences
between HO5 hearts and wild-type littermates at any stage
(Figure 4L—N), indicating that electrical impulse transmission through
the working myocardium is not altered in HO5 transgenic hearts.
Since working myocardium cardiomyocytes are linked together by
Cx43 clusters forming gap junctions,'” we also analysed Cx43 expres-
sion levels and protein distribution in adult hearts of the HO5 trans-
genic line. Our results show that both Cx43 expression levels and
protein distribution were comparable between transgenic animals
and WT littermates (see Supplementary material online, Figure S7)
in line with the normal impulse propagation through the working
myocardium discovered by optical mapping (Figure 4K). These findings
indicate that foetal and adult HO5 ventricles present a delay in the
transmission of the electrical impulse, most likely due to impaired
CCS function.

3.5. Morphological anomalies in the VCS of
the HO5 line of a-MHC-KvLQT1-is02-T7
transgenic mice

Since optical mapping of HO5 mice hearts showed a delay in the ac-
quisition of a mature ventricular activation pattern during develop-
ment and functional alterations were found in the impulse
propagation through the VCS, we next analysed the architecture of
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Figure 3 Patch-clamp analyses: (A) representative current traces recorded in a WT ventricular myocyte. The holding potential was -100 mV and
test potentials are given above each trace. Horizontal scale bar is 50 ms and vertical scale bar is 100 pA/pF. (B) Current—voltage (I-V) relationship for
the sodium current recorded in 14 isolated adult transgenic HO5 and 8 WT ventricular myocytes. (C) Family of sodium currents recorded with in-
creasing intervals (dt) between two consecutive depolarization pulses (Inax and liest). (D) Recovery of the sodium current from inactivation in isolated
adult transgenic HO5 and WT ventricular myocytes. Values shown are lies/lmax- * Indicates a significant difference between the HO5 and WT myocytes.
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Figure 4 (A—E) Ventricular activation pattern at embryonic stages (E14.5). (A and C) The first activated region (asterisks) is located in the right and
left ventricles in WT and HO5 transgenic embryos (n = 76 HO5 and 76 WT). (F—/) Ventricular activation pattern at foetal stages (E18.5). The first
activated region turn to be located at the level of the apex in the left ventricle of WT heart (asterisk in H), while HO5 foetal hearts maintained
left—right ventricular activation (asterisk in 1) (n = 55 HO5 and 55 WT). (K) Representative optical maps of adult hearts under spontaneous (superior
row) and stimulated (inferior row) contraction (n = 30 HO5 and 30 WT). (L—N) Total left ventricle (LV) activation time at embryonic (E14.5), foetal
(E18.5), and adult stages, respectively. ***P < 0.0001.
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the VCS. The architecture of the adult VCS has been previously
described by analysis of GFP fluorescence in Cx40GFP'™ mice in
which the entire VCS can be visualized by GFP reporter gene activ-
ity."> Three-dimensional visualization and quantification of Cx40+
cell networks by using fluorescent illumination was performed as
described previously.'”> GFP expression analysis performed in the
HO5/Cx40°F"+ transgenic mice at adult stages revealed changes in
the ventricular GFP+ cell networks. We found that adult HO5/
Cx40°F"* transgenic mice displayed an increase in the number of
GFP+ cell networks in the apical portion of the left ventricle, as
well as a significant decrease in the number of GFP+ cell networks
reaching the left ventricular free wall, when compared with
Cx40°F"* mice (254+1.3 in WT mice vs. 10414 in HO5 mice)
(Figure 5A—E). In addition, analyses of the right ventricle also
showed a dramatic decrease in the number of GFP4 cell networks
in transgenic hearts compared with WT littermates (40 4+ 3 in WT
vs. 15+ 2 in HO5 mice) (Figure 5 C—F). Therefore, this analysis
revealed the presence of morphological anomalies in the adult VCS
of the HO5 mouse line.

While a definitive and unequivocal answer about when and how the
early VCS is specified remains to be fully elucidated, the ventricular tra-
beculations have been consistently proposed as a source in particular'®
those expressing Cx40 protein'' (see Supplementary material online,
Figure S8). In this context, Sankova et al."" have demonstrated that the
major ventricular activation patterns correlate with CCS formation in
the Cx40°"* mouse strain. Furthermore, a recent retrospective
clonal analysis in mammalian VCS development using the nlaacZ
model into the Cx40°"* background has revealed a biphasic mode
of VCS development: lineage restriction followed by limited out-
growth.” Importantly, these authors have shown that by E16.5 stage
of mouse development Cx40°" expression is restricted to conductive
founder cells. Therefore, to investigate whether the morphological
alterations in the VCS were developed during the process of cardiogen-
esis, GFP expression analysis was analysed at foetal (E18.5) and embry-
onic (E16.5 and E14.5) stages. Our analysis showed that, similar to
adults, foetal hearts (E18.5) of the H05/Cx40° " line displayed signifi-
cant changes in the number of GFP+ cell networks into left (25 + 2in
WT vs. 5 + 1 in HO5 mice) and right (30 4+ 3 in WT vs. 8 + 1 in HO5
mice) ventricles (Figure 5G—K). Similar results were obtained at E16.5
in which Cx40 expression is already restricted to VCS cell lineage
(Figure 5P—R). Furthermore, even at E14.5, the number of GFP+ ven-
tricular trabeculations was significantly decreased in HO5/Cx40°F+
mice compared with WT littermates (left ventricle: 30 + 3 in WT vs.
10 4 2 in HO5 mice; right ventricle: 23 4+ 4 in WT mice vs. 5+ 1 in
HO5 mice) (Figure 5SM—0). Thus, taken together, these results show
that concomitant with early Scn5a and Scn1b upregulation in the VCS
during development, this transgenic model of LQTS displays abnormal
Cx40°FF patterning which is compatible with morphological abnormal-
ities in the VCS at early cardiac developmental stages.

In order to further explore whether increases in Na+ current lead to
the development of VCS morphological abnormalities, we carried out
whole embryo cultures experiments in which Cx405F+ embryos
were exposed to the sodium channel opener anemone toxin ATXII.
Due to the limitations of embryo survival in culture, we analysed
embryos cultured at +E10.5 stages. It has been previously shown
that ATXIl increases sodium current and AP durations eliciting poly-
morphic ventricular tachycardia in mice as well as leading to potentially
arrhythmogenic early afterdepolarization in isolated mouse cardiomyo-
cytes.”! Interestingly and similarly to our findings in HO5/Cx40°+

transgenic mice, we observed that ATXIl-treated embryos exhibited a
significant decrease in the number of GFP+ ventricular trabeculations
(Figure 6), indicating that increased sodium current leads to VCS
dysmorphogenesis.

4. Discussion

lon channel impairment is a common finding in the failing heart. Several
reports have pointed out that remodelling of ion channel expression
secondary to heart rate abnormalities increases the susceptibility to
ventricular tachyarrhythmias.' Electrical remodelling of the heart
occurs in response to both functional (i.e. altered electrical activation)
and structural (i.e. heart failure, myocardial infarction, etc.) alterations.
Primary electrical remodelling occurs in response to altered patterns of
electrical activation without significant structural remodelling, but sec-
ondary remodelling arises in response to a structural insult.** In this
study, we demonstrate that a clear sodium channel upregulation
(Scn5aand Scn1b) is already present at embryonic stages in a transgenic
model of LQTS. It is interesting to highlight that, while Kv channel ex-
pression remodelling begins concomitant with the development of
cardiac hypertrophy at the foetal stages (E18.5), sodium channel upre-
gulation is already present in the HO5 line at embryonic stages. In this
mouse model, overexpression of the dominant-negative isoform of
the KvLQT1 potassium channelis under the control of the a-MHC pro-
moter, which is expressed mainly in the atria at early embryonic stages,
in the atria, and in different parts of the ventricles at foetal and neonatal
stages, and within the entire heart around 1 week after birth.> We have
detected that overexpression of the dominant-negative isoform of the
KvLQT1 is present in the atria as well as in the ventricles of HO5 hearts
at embryonic stages (E14.5) (see Supplementary material online, Figure
$9). Thus, we can assume that sodium channel up-regulation occurs
after KvLQT1 K* channel functional inactivation in embryonic H05
hearts and while potassium channel expression remodelling and
cardiac hypertrophy are developed later at the foetal stage probably
secondary to the arrhythmogenic disorder present in this mouse
model of LQTS.

In addition, in this study we provide compelling evidence that func-
tional suppression of the KvLQT1 potassium channel leads to sodium
channel upregulation in a transgenic model of LQTS. Furthermore,
our in vitro and ex vivo experiments by using KvLQT1 (Kcng1) blocker
clearly reinforced the notion that KvLQT1 functional suppression
elicits sodium channel upregulation. It has been previously demon-
strated that calmodulin (CaM) is a constitutive component of
KCNQ1 K channel complex.”® Likewise, previous reports have
shown that Ca2+/calmodulin-dependent systems mediate rate-
dependent ion channel expression remodelling and may enhance
Na* channel membrane expression.** The putative involvement of cal-
cineurin/NFAT pathway on sodium channel upregulation in this trans-
genic model should be further analysed, although it is out of the
scope of the present manuscript.

Interestingly, it has been reported that an increase in the I\, density
leads to an additional prolongation of the cardiac AP duration, a situ-
ation that increases the risk of lethal arrhythmias in the LQTS.2" Curi-
ously, in transgenic mice overexpressing Scn5a, QRS duration and
QTc are normal and the sodium current density as well as the
APDs in transgenic ventricular cardiomyocytes are nearly identical
to that from non-transgenic cells.”® However, our patch-clamp ana-
lysis revealed that sodium channel upregulation in transgenic ventricu-
lar HO5 myocytes is associated with an increased peak sodium current
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Figure 5 Architecture of the ventricular conduction system: (A, B, G, H) arrowheads: GFP+ cell networks in the apical portion of the left ventricle;
arrows: GFP+ cell networks reaching the left ventricular free wall. (C, D, I, J) Arrows: GFP+ cell networks in the right ventricle. (E, F, K, L) Quan-
tification of GFP+ cell networks at adult (n =25 HO5 and 32 WT) and foetal (n =40 HO5 and 36 WT) stages, respectively. (M, N, P, Q) GFP+
ventricular trabeculations (asterisks) at E16.5 and E14.5 stages, respectively. (O and R) Quantification of GFP + ventricular trabeculations in the
right and left ventricles at E16.5 and E14.5 stages (E14.5: n = 40 HOS5 and 36 WT; E16.5: n = 32 HO5 and 29 WT). *#¥P < 0.001.
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Figure 6 Cx40GFP embryos treated with ATTX-II. (A) Representative image: decrease in the number of GFP+ trabeculations in the primitive left
ventricle of Cx40GFP embryos treated compared with control embryos. (B) Quantification of number of GFP+ trabeculations in cultured embryos at

E105 (n = 15). *P < 0.01.

density, and a delayed recovery of the sodium current from inactiva-

1516 and our

tion. Since Scn1b can modulate the sodium current,
transgenic model displays not only Scn5a but also Scn1b upregulation,
we cannot rule out that the functional effects of the HO5 on the
sodium current might be due, at least in part, to (1 subunit
upregulation.

It has also been shown that mutations in non-ion channel proteins
such as the cytoskeletal protein syntrophin a1 (SNTA1) are asso-
ciated with LQTS type 3, and these mutations produce Nav1.5 gain
of function, as well as increased sodium current density and delayed
recovery from sodium channel inactivation.”® These alterations are
similar to the patch-clamp profile found for the HO5 mouse line in
the present study. Although the full impact of sodium channel remod-
elling on the electrical configuration of these mice should be further
investigated, our findings suggest that sodium channel remodelling
may contribute to enhance the arrhythmogenic events.

The VCS represents the ‘electrical wiring’ responsible for the co-
ordination of cardiac contraction. Defects in the circuit produce
delay or conduction block and predispose to cardiac arrhythmias.
The transfer of electrical impulses from the Purkinje network to the
working ventricular myocardium to stimulate ventricular contraction
occurs simultaneously from the apex to the base of the heart in a
co-ordinated manner. This apex-to-base contraction allows efficient
ejection of blood from the ventricles into the outflow tract at the
base of the heart.'® This activation pattern is also present in hearts

of lower vertebrates and it is established relatively early during
cardiac morphogenesis concomitant with the development of a
mature VCS."® Our functional analyses by optical mapping of develop-
ing hearts of HO5 transgenic line revealed developmental delay in the
acquisition of the mature pattern of the ventricular activation. Fur-
thermore, total left ventricular activation time was increased when
the electrical impulse was conducted through the VCS at foetal and
adult stages. This demonstrates that the proper function of the VCS
is impaired already in the foetal hearts. Importantly, we found that
VCS dysfunction is accompanied by severe changes in its morphology
already at early embryonic stages. Thus, to the best of our knowledge,
this study demonstrates for the first time the presence of abnormal
development of the VCS in an animal model of LQTS.

In addition, we shown that sodium channel upregulation is con-
comitant to the onset of morphological anomalies in the prospective
VCS in HO5/Cx40°+ embryonic hearts. In this context, it is inter-
esting to highlight that ion current remodelling may have important
potential effects on the cardiac Purkinje fibres.?” In former studies,
we have reported that Scn5a and Scnlb are overexpressed in the
VCS during developmental stages.'*"® Moreover, our ex vivo analyses
provide additional evidence supporting the notion that increases in
the peak sodium current lead to VCS malformations. We can specu-
late that an arrhythmogenic substrate elicited by increased sodium
current density leads to a functional overload within VCS and subse-
quently to a dysmorphogenesis; however, the mechanisms by which
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changes in sodium current density lead to CCS dysmorphogenesis
require further analyses.

In conclusion, we provide the first direct evidence for a relationship
between Kcnq1 dysfunction and early embryonic sodium ion channel
remodelling linked to the presence of morphological and functional
anomalies in the VCS of the developing heart of a transgenic model
of LQTS. These findings provide new insights into the mechanisms
underlying foetal and neonatal cardiac electrophysiological disorders,
which might help understand how molecular, functional, and morpho-
logical alterations are linked to clinical pathologies such as cardiac
congenital anomalies, arrhythmias, and perinatal sudden death.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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