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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.
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Supplementary material is available at Cardiovascular Research online.
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