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1 Abstract

1.1 Aims

Atrial fibrillation (AF) is the most common cardiac arrhythmia. AF often develops due to concomitant
cardiovascular conditions combined with a pre-existing atrial substrate. Familial, early onset forms of
AF enable identification of this substrate. Pathogenic variants in genes encoding ion channels are
associated with familial AF. The point mutation M1875T in the SCN5A gene, which encodes the a-
subunit of the cardiac sodium channel Na,1.5, has been associated with increased atrial excitability
and familial AF. Designing a new murine model carrying the Scn5a -M1875T mutation enabled us to

study this atrial substrate in detail.

1.2 Methods and Results

Left atrial cardiomyocytes from newly generated Scn5a-M1875T+- mice showed a selective increase
in the early (peak) cardiac sodium current, measured by patch clamp. Microelectrode recordings of
intact left atria revealed larger action potential amplitudes and a faster peak upstroke velocity.
Conduction was studied using optical mapping. When challenged with the sodium channel blocker
flecainide, Scn5a-M1875T+/- left atria showed less conduction slowing than matched wildtype atria. In
vivo analysis using electrocardiograms and echocardiography, as well as cardiac histology, excluded

overt hypertrophy or heart failure in young adult mice.

1.3 Conclusion

The Scn5a-M1875T point mutation causes a cardiac sodium channel gain-of-function and suggests
increased atrial peak sodium current as a potential trigger for increased atrial excitability and atrial

fibrillation.
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1.4 Translational Perspective

The observed changes highlight a selective increase in peak sodium current as a cause of familial AF.
Our findings provide a possible explanation for the variable effectiveness of sodium channel blockers
in patients with AF. Carriers of such sodium channel gain-of-function mutations may benefit more

from tailored treatments.
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2 Introduction

Atrial fibrillation (AF), the most common cardiac arrhythmia, is characterised by episodes of irregular
and uncoordinated atrial electrical activity. It is associated with ischaemic stroke, cardiovascular death
and frequent hospitalisations . A range of different common factors, such as heart failure, diabetes
and increased formation of fibrosis, can damage the atria, contributing to AF 3. These factors interact
with a pre-existent, potentially inherited substrate to result in AF. Inherited forms are characterised
by early onset of the condition. Pathogenic variants in several genes associated with cardiomyopathies
have been identified in familial AF, including variants in sarcomeric and cell-cell contact genes, and
others 4%, Within the group of ion channel genes, variants leading to dysfunction of the cardiac sodium
channel are associated with familial AF %78, both via variants in the genes coding for the channel or

through upstream mechanisms altering the expression of sodium channel genes °1°,

The cardiac voltage-gated sodium channel (Na,1.5) facilitates movement of sodium (Na*) ions across
the cardiomyocyte membrane and hence elicits the cardiac Na* current (Ina). Ina is vital for electrical
excitation preceding mechanical contraction of the myocardium, as transient influx of Na* triggers the
fast upstroke phase of the cardiac action potential and thus depolarisation of the cardiomyocyte
membrane. The Na,1.5 channel is composed of both a- and - subunits. The pore-forming a-subunit
is encoded by the SCN5A gene. Variants in SCN5A have been linked to cardiac conditions, including AF
11-13 Brugada syndrome 14, conduction disease '>'7 and dilated cardiomyopathy & °. SCN5A genetic
variants reported % show various underlying mechanisms mainly linked to channel dysfunction,

defective channel trafficking or protein complex formation 7-2% 22,
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A missense SCN5A point mutation, Met1875Thr (M1875T), located in the C-terminus of the channel
protein, was linked to autosomal dominant familial AF that spanned three generations of a family 2.
Atrial ectopy was evident in mutation carriers in adolescence, and persistent AF occurred as early as
27 years of age. Analyses in the human cell line HEK293 heterologous expression system 2 suggested

an enhanced function of the mutated Na,1.5 channel.

To investigate the impact of the M1875T mutation in a more physiological setting, we generated and
characterised a novel knock-in murine model (Scn5a-M1875T*/). Mice that were heterozygous for the
M1875T mutation were viable and studied herein. We investigated these mice from the whole organ

in vivo to the level of the single cell ex vivo.
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3 Methods

3.1 Generation and sequencing of the Scn5a-M1875T murine model

Mice heterozygous for the knock-in mutation M1875T in the Scn5a gene (Scn5a-M1875T+) were
generated by T-C point-mutating exon 28 of the cardiac sodium channel SCN5A gene using
pSCN5a_targ3 targeting vector and CRISPR/Cas9 system in murine embryonic stem (ES) cells (Figure
1a). Mutation-harboring ES cells were characterised using Southern blot analysis and sequenced in
order to exclude genomic rearrangements (Figure 1b) 2% 25, and injected into B6D2F1 mouse
blastocysts. Sequencing analysis of the mutation-containing region using DNA from adult wildtype
(WT) and heterozygous Scn5a-M1875T*- mice on C57BI/6J x 129sv hybrid genetic background are

shown in Figure 1c. Detailed steps of the generation are further explained in the supplement.

Methionine at position 1875 of the human Na,1.5 protein sequence corresponds to position 1877 of
the murine sequence. The latter is therefore point-mutated in this model. However, to underpin the
bedside-to-bench nature of this investigation, we use the human annotation and refer to it as “Scn5a-

M1875T” throughout this manuscript.

Mice were bred on an FVB or 129/sv genetic background and housed in individually ventilated cages
with sex-matched littermates (2-5 mice/cage), under standard conditions: 12 hours light/dark circle,
22°C and 55% humidity. Food and water were available ad libitum. The health status of mice used in

the study was monitored daily and prior to experiments.

Functional experiments were conducted on hearts of male and female young adult mice (8-20 weeks),
heterozygous for the knock-in mutation M1875T in the Scn5a gene (Scn5a-M1875T*°) and their WT

littermates.

3.2  Study approval

All procedures were performed in compliance with the guidelines from Directive 2010/63/EU of the

European Parliament on the protection of animals used for scientific purposes and conducted in
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85 accordance with rules and regulations for experiments with animals and approved by the UK Home

86  Office (PPL number 30/2967) and by the institutional review board of University of Birmingham.

87 3.3 Murine ECG recordings in vivo

88 Non-invasive electrocardiograms (ECG) were recorded in conscious young adult mice (8-19 weeks)
89 using a tunnel system for gentle restraint (ecgTunnel, EMKA Technologies, Paris, France) 26. ECG
90 recordings were analysed using ECGauto software (EMKA Technologies, Paris, France). ECGs were also

91 recorded in sedated mice during echocardiography as below.

92 3.4 Murine echocardiography in vivo

93 Echocardiography was performed in sedated mice (2% isoflurane, supplemented with 100% O;) using
94  Vevo® 2100 system (VisualSonics, Amsterdam, Netherlands) as reported previously ?’. Heart rate was
95 maintained at 450 + 70 bpm. Left atria (LA) were visualised in the parasternal long axis view in the
96  plane of the aortic root. LA area and diameter were measured during pre-atrial contraction, using the
97 P-wave of the limb ECG trace as a guide. Left ventricular parameters were also measured in the

98  parasternal long axis view.

99 3.5 Leftatrial murine cardiomyocyte isolation

100 Murine hearts were excised under deep terminal anaesthesia (4% isoflurane inhalation in O,
101 1.5 L/min) and perfused at 4 mL.min! at 37°C on a vertical Langendorff apparatus with the following
102  solutions, equilibrated with 100% O,: (i) HEPES-buffered, Ca%*-free, modified Tyrode’s solution
103 containing in mM: NaCl 145, KCI 5.4, MgS0,4 0.83, Na,HPO,0.33, HEPES 5, and glucose 11 (pH 7.4,
104  NaOH) x 5 min; (ii) Tyrode’s enzyme solution containing 640 pug/mL collagenase type Il, 600 pg/ml
105 collagenase type IV and 50 pg/ml protease (Worthington, Lakewood, NJ), 20 mM taurine and 3 pM
106  CaCly x 8-12 min. The heart was removed from the Langendorff setup and perfused with 5 mL of

107 modified Kraft-Bruhe (KB) solution containing in mM: DL-potassium aspartate 10, L-potassium
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108  glutamate 100, KCI 25, KH,PO4 10, MgS0O, 2, taurine 20, creatine 5, EGTA 0.5, HEPES 5, 0.1% BSA, and

109  glucose 20 (pH 7.2, KOH).

110  The LA was dissected free and cardiomyocytes were dissociated gently with fire-polished glass
111  pipettes (2 to 1 mm diameter in sequence). Cells were re-suspended in 2 mL KB buffer and Ca?* was
112  gradually reintroduced to the cell suspension incrementally over a period of 2 hours to reach a final

113 concentration of 1 mM. All experiments were performed within 8 hours of isolation.

114 3.6 Whole-cell patch clamp electrophysiology of isolated left atrial cardiomyocytes

115 Dissociated murine LA cardiomyocytes were plated on, and allowed to adhere to, laminin-coated
116 coverslips (10 mm diameter) for at least 20 minutes. Coverslips were transferred to a recording
117 chamber and were continually superfused at 3 mL.min!, with a low Na* external solution containing
118 in mM; NaCl 10, KCI 4.5, CsH14CINO 130, CaCl; 1, MgCl, 1.2, HEPES 10 and glucose 10 (pH 7.4 with
119 CsOH). To block L-type Ca?* currents, 2 mM NiCl, was added to the superfusate. Experiments were
120  performed at 22 + 0.5°C. Whole-cell patch clamp recordings were obtained in voltage-clamp mode

121  using borosilicate glass pipettes (tip resistances 1.5-3 MQ) 8.

122  For Na* current recordings, the pipette solution contained in mM: CsCl 115, NaCl 5, EGTA 10, HEPES
123 10, MgATP 5, TEACI 20 and MgCl, 0.5 (pH 7.2, KOH). Voltage-dependent Na* currents were evoked by
124  5mV step depolarisations (100 ms) from a holding potential of -100 mV to test potentials ranging from
125 -95 mV to +40 mV. To investigate Na,1.5 voltage-dependent inactivation kinetics, cells were subject
126  to 500 ms pre-pulses ranging from -120 mV to -40 mV, followed by a 100 ms step to -30 mV. For Na,1.5
127  time-dependent recovery kinetics, a standard two pulse protocol was used (-120 mV to -30 mV,

128 20 ms), with the time between the two pulses incrementally varying between 5 and 950 ms.

129  All recordings and analysis protocols were performed using an Axopatch 200B amplifier (Molecular

130 Devices, USA) and digitized at 50 kHz using a CED micro1401 driven by Signal v6 software (Cambridge
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131 Electronic Design, Cambridge, UK). Series resistance was compensated, ranging between 60-100% for

132 all cells. Experiments were terminated if series resistance abruptly changed or was above 10 MQ.

133 3.7 Left atrial murine microelectrode recordings

134  As previously described 2630, following isolation the LA was immediately transferred into a dissecting
135 chamber and continuously superfused at 10 mL.min? with a bicarbonate buffered Krebs-Henseleit
136 (KH) solution containing in mM: NaCl 118; NaHCOs 24.88; KH,PO,4 1.18; Glucose 11; MgS0, 0.83; CaCl,
137  1.8; KCl 3.52, equilibrated with 95% 0,/5% CO,, 36-37°C, pH 7.4. Micro-dissection and pinning out of
138  the LA was performed using a dissection microscope (Stemi SV 11, Zeiss, Germany). The LA was paced
139 at 1-10 Hz via bipolar platinum electrodes. Action potentials (APs) were recorded from freely
140  contracting LA using custom made glass floating microelectrodes containing 3 M KCl, (resistance 15-
141 30 MQ). Voltage signals were amplified and digitised at 20 kHz and were unfiltered (Axoclamp 2B;
142 Molecular Devices, California, USA; Spike2 software Cambridge Electronic Design, Cambridge, UK).
143 Measured parameters included the resting membrane potential (RMP), action potential amplitude
144 (APA), peak depolarisation rate (dV/dt) and action potential duration (APD) at 30-90% repolarisation.
145  APs were only analysed following sufficient rate adaptation achieved after at least 50 stimulated APs

146  at each frequency.

147 3.8 Optical mapping of murine left atria

148  Optical mapping of the LA was conducted as previously described 332, Isolated whole hearts were
149 loaded on to a vertical Langendorff apparatus and perfused with a standard KH solution. Hearts were
150  perfused at 4 mL.min" (equilibrated with 95%0,/5%C0O, and heated to 36-37°C, pH 7.4). Hearts were
151  loaded with 25 pL of voltage sensitive dye Di-4-ANEPPS at a concentration of 5 mg/mL, diluted in 1 mL
152  of KH solution and delivered via bolus port injection over 3-5 minutes. The LA was then isolated and
153 pinned in a superfusion chamber containing 37°C KH solution for transfer to the optical mapping

154  setup, anterior surface facing up.
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155 In the optical mapping system, atria were superfused with KH solution (95%0,/5%C0O,, 36-37°C)
156  containing contraction uncoupler Blebbistatin (35 pM). For imaging, atria were illuminated by two
157 dual LEDs at 530 nm. A 630 nm long-pass filter was used to sperate emitted fluorescence, imaged
158  using an ORCA flash 4.0 CMOS camera (Hamamatsu, Japan). Images were acquired at a framerate
159 0.987 kHz and pixel size of 71 um/pixel?. Atria were paced using bipolar platinum electrodes delivering

160 2 ms pulses at twice diastolic threshold (minimum voltage required to elicit APs).

161 One-minute baseline recording was taken following a 10 minutes equilibration period to ensure
162 contraction uncoupling and temperature re-stabilisation. During imaging, atria were initially paced at
163 330 ms pacing cycle length (PCL). A ‘ramp’ pacing protocol was then initiated, in which the atria were
164 paced at 120 ms PCL for 100 stimuli and then PCL was reduced from 120 ms to 80 msin 10 ms intervals
165 every 20 stimuli. After taking baseline recordings, LED illumination was switched off and the
166 superfusion solution replaced with an identical solution containing flecainide at a concentration of
167 1 uM and then 5 uM (or control solution without flecainide for time control experiments). Subsequent
168 recordings were then made as described above after 20 minutes superfusion with 1 uM flecainide
169 solution, and then further 15 minutes with 5 uM flecainide solution. Atria were paced at 330 ms PCL

170  continuously in dark conditions between recordings.

171 From these recordings, APD and conduction velocity (CV) were mapped across the LA using
172 ElectroMap software 32. Atria were removed from analysis at a given PCL if loss of 1:1 capture ratio

173  with pacing stimuli (i.e. missed beats) was observed.

174 3.9 Statistics

175 For all murine experiments presented herein, experimenters were blinded to the genotype of the
176 littermate pairs during data collection and analysis. Student t-tests were used for singular comparisons
177  for normally distributed data. A hierarchical nested t-test (Figure 2) and Mann-Whitney test
178 (Supplementary Table 3) were used where appropriate. Multiple comparisons were made using 2-way
179  ANOVA with Bonferroni’s post-hoc tests. For current-voltage graphs (Figure 2b), a Boltzmann curve

10
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180  was fit to the data. All graphical representations display individual measurements. Means are quoted
181  and shown in Figures + SEM. Level of statistical significance is shown in Figures as follows: *p<0.05;
182  **p<0.01; ***p<0.001; ****p<0.0001. Statistics and Figures were created using Prism 8 (GraphPad

183  Software, San Diego, California).

11
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184 4 Results

185 4.1 Viable heterozygous Scn5a-M1875T+/- mice show normal cardiac size and basic function

186  The point mutation previously identified in patients with early familial AF was successfully introduced
187  to exon 28 of the mouse Scn5a gene via homologous recombination of a targeting vector. The vector
188 contained the T-C point mutation (CRISPR/cas9-mediated) resulting in methionine-threonine
189  exchange in the Na,1.5 protein (Figure 1). Offspring from both WT x heterozygote (=Scn5a-M1875T+")
190 and heterozygote x heterozygote pairings were viable. No homozygous Scn5a-M1875T7- offspring was
191  born (Supplementary Figure 1b), suggesting embryonic lethality, as previously reported for other
192  Scn5a mutations 3% 34, Accordingly, the ratio of WT and heterozygous animals shifted from 1:2
193  (expected) to approximately 1:3 when heterozygous animals were crossed (Supplementary Figure 1b).

194  The ratio of male:female sex in offspring approximated 1:1 as expected (Supplementary Figure 1c).

195  Age-matched young adult WT and Scn5a-M1875T+- mice displayed similar heart rate, PR-, QRS- and
196  QT- interval regardless of genotype in electrocardiograms recorded awake (Supplementary Table 1)
197 and during sedation (Supplementary Table 2). Echocardiography and histological examination
198  excluded overt differences in atrial or ventricular structure (Supplementary Table 3, Supplementary
199 Figure 2a). Accordingly, pro atrial natriuretic peptide (proANP) was detected in right atria as expected

200  but was not elevated in ventricles (Supplementary Figure 2b).

12


https://doi.org/10.1101/2022.01.18.476646

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.18.476646; this version posted January 20, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a b y
22 23 242526 27 a8 N N L cow e -
1 | | 1 11 1 I Z 08 W T O e vt v v vt %
a' 4 4 4 == 44 4
B B B So3 6k, BB B
1kb
e |
LoxP LoxP
.o 242526 27 28
all
2 2 — 14140
B B B So3
LoxP LoxP 8483
e 2 23 242526 27 28 -
aiii 11 T . i SRR RRRRRE. ..,
B B B BSo3 ggyp, BB — 6369
T & "B L B L L N _
- 5687
- 4822
. 22 23 242526 27 28 — 4324
aiv. 11 111 8 S 00000
4 4 4 44
B B B BSo3 ggy, BB — 13675
C
wt

Scn5a-M1875T*

Figure 1 Targeting of exon 28 of the mouse Scn5a gene in order to introduce the M1875T coding
mutation, and sequencing confirmation of its presence

a) The intronic and intergenic regions are shown as lines, exons are shown as filled boxes. The empty
box corresponds to the neomycin resistance cassette (neo) flanked by the LoxP sites (vertical
arrows). Exon numeration is shown above. The arrows below are corresponding to BamHI restriction
endonuclease sites (B). The black box corresponds to Southern probe sequences (So3). The
expected sizes of restriction DNA fragments are indicated below in kb. ai) Wildtype (WT) locus. aii)
Targeted vector structure (without negative selection marker and plasmid backbone). aiii) Genomic
locus after the homologous recombination. The neomycin cassette is present in intron 27 and
flanked by two LoxP sites. aiv) Genomic locus after the CRE-mediated neo cassette deletion. b)
Southern blot analysis of DNA isolated from mouse tail biopsy of the F1 offspring (1-13) and
hybridized with the So3 probe. With help of the BamHI enzymatic digestion, we detect the WT allele
7.6 kb and targeted allele 5.8 kb. DNA samples 1, 2, 4, 5, 7, 8, 10, 11, and 13 contain correctly

targeted Scn5a gene (Scn5a-M1875T+/'). Positions of the size marker (in bp) are shown on the right.
The WT control animal is labeled “wt.”. c¢) Sequencing analysis of the Scn5a gene region containing
the mutation site in back-crossed adult mice (on pure genetic background). The T-C mutation on one
allele causing the methionine-threonine exchange at position 1875 (1877) is indicated by an arrow.

201 4.2 Atrial Scn5a-M1875T+- cardiomyocytes have an augmented peak sodium current density

202  To determine the impact of the M1875T point mutation on peak Iy, amplitude and Na,1.5 channel
203  gating properties, left atrial cardiomyocytes from WT and Scn5a-M1875T*- mice (8-13 weeks) were

204  isolated and whole-cell patch clamp recordings were performed.
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Figure 2 Isolated left atrial cardiomyocytes with the Scn5a-M1875T+/-mutation have a larger sodium
current than wildtypes when measured with whole-cell patch clamp electrophysiology

a) Representative sodium current (Ina) traces from whole-cell voltage clamp recording of isolated left
atrial (LA) cardiomyocytes from wildtype (WT) (black) and Scn5a-M1875T+/- (blue) mice. b) Normalised
grouped data revealed that the Scn5a-M1875T*- mutation increases peak Iy, in LA cardiomyocytes
over test potentials ranging from —100 to +40 mV. c) At the peak Iy, test potential of -30 mV, Scn5a-
M1875T+- cardiomyocytes had a significantly larger Iya than WTs, both when comparing individual
cells (n=115 WT, n=117 Scn5a-M1875T+/") (ci) and animals (N=14 WT, N=15 Scn5a-M1875T+") (cii).

205  The M1875T variant increased Iy, over test potentials ranging from —100 to +40 mV (Figure 2a and b).
206 At a peak test potential of -30 mV, mean left atrial cardiomyocyte Ina density was higher in Scn5a-
207  M1875T* (-28.3 + 1.1 pA/pF, n=117 cells) than in WT littermates (-22.7 + 0.9 pA/pF, n=115 cells,
208  p<0.0001, Figure 2ci). The elevation in I, was also apparent when recordings were grouped by animal
209  (Scn5a-M1875T- -27.7 + 2.1 pA/pF, N=15 vs WT -22.3 + 1.2 pA/pF, N=14, p=0.039, Figure 2cii) and
210  after applying hierarchical analysis (Scn5a-M1875T*/--28.3 + 1.1 pA/pF, n=117 cells, N=15 mice vs WT
211  -22.7 +0.9 pA/pF, n=115 cells, N=14 mice, p=0.016).

212 Capacitance measurements were not different between genotypes, indicative of similar cell size

213  (Supplementary Figure 3a).

214 Whole-cell Iy, voltage-dependent inactivation and time-dependent recovery kinetics were not altered

215  in Scn5a-M1875T*- cardiomyocytes compared to WT (Supplementary Figure 3b and c). Na,1.5

14
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216 expression in hearts of Scn5a-M1875T*mice at mRNA and the protein level revealed no difference at

217  either the whole cell or isolated membrane fraction level (Supplementary Figure 4).

218 4.3 Intact Scn5a-M1875T*- left atria have a larger action potential amplitude and faster peak

219 upstroke velocity

220  To further characterise the impact of the M1875T variant on cardiac electrophysiology, action
221 potentials (APs) were measured in whole left atrial tissue isolated from WT and Scn5a-M1875T*/ mice
222 (9-13 weeks) using sharp microelectrodes. Representative AP traces are shown in Figure 3 during

223  stimulation at 100 ms (Figure 3c) and 1000 ms pacing cycle length (PCL) (Figure 3f).

224  Action potential amplitude was significantly larger in Scn5a-M1875T*- murine left atria at all PCLs
225  tested and this effect was more pronounced at shorter cycle lengths (N=8, n=24-25, Figure 3a). The
226  variant resulted in a faster peak upstroke velocity (dV/dt), especially at the shorter cycle lengths

227 (100 ms PCL: WT 128.0 + 3.3, n=24; Scn5a-M1875T*/- 142.8 + 4.0 mV//ms, n=25, p=0.0282, Figure 3b).

228  Theresting membrane potential 3> was not different between genotypes (100 ms PCL: WT -72.4 + 0.6;
229  Scn5a-M1875T+--73.1 + 0.6 mV). Atrial activation times were also similar (100 ms PCL: WT 4.9 + 0.2;
230  Scn5a-M1875T+/- 4.9 + 0.2 ms) (Supplementary Table 4). Only at the long PCL of 1000 ms, the AP
231 duration (APD) at 50 and 90% repolarisation was shorter in Scn5a-M1875T+- left atria than in WT
232  (Figure 3d and e), while the APD at 30 and 70% repolarisation was not significantly different

233  (Supplementary Table 4). Similarly, optical mapping data showed no APD differences at PCLs tested.
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Figure 3 Left atria with the Scn5a-M1875T*/- mutation have a larger action potential amplitude and
a faster peak upstroke velocity when measured with the sharp microelectrode technique

a) Scn5a-M1875T*- left atria (LA) had a significantly larger action potential (AP) amplitude at shorter
pacing cycle lengths (PCLs) of 80-120 ms (p<0.05) and b) a significantly faster peak upstroke velocity
(dVv/dt). d-f) When paced at 1000 ms PCL, Scn5a-M1875T*/- LA had a significantly shorter AP duration
(APD) when measured at 50% (APD50) (d) and 90% (APD90) (e) repolarisation. *p<0.05, **p<0.01,
wildtype (WT) vs Scn5a-M1875T*-, N=8 per group, n=24 WT, n=25 Scn5a-M1875T*/-; ANOVA statistics.
Also shown are representative AP traces from wildtype (black) and Scn5a-M1875T*/- (blue) LA when
stimulated at 100 ms (c) and 1000 ms PCL (f).

4.4 Flecainide-induced atrial conduction slowing and post-repolarisation refractoriness is less

pronounced in Scn5a-M1875T+/ left atria

Optical mapping of WT and Scn5a-M1875T*- whole left atrial tissue was performed to test effects of

the heterozygous Scn5a-M1875T mutation on atrial conduction.

Left atria were superfused with the open channel sodium channel blocker flecainide (1 uM, clinically
used concentration) to determine the response of Scn5a-M1875T*- and WT left atria. While

conduction velocity was unchanged at baseline, flecainide slowed conduction less in Scn5a-M1875T+-
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Figure 4 Left atria with the Scn5a-M1875T*- mutation have a reduced response to the anti-
arrhythmic agent flecainide in optical mapping

a) Example left atrial (LA) activation maps from wildtype (WT, top panels) and Scn5a-M1875T*"
(bottom panels) mice. Left panels show activation maps at baseline, right panels show activation of
the same atria following exposure to 1 uM flecainide for 20 minutes. b) Grouped data showing change
in conduction velocity (ACV) following exposure to 1 uM flecainide in WT (black) and Scn5a-M1875T+"
(blue) LA for 20 mins. c¢) Example traces of optical action potentials (APs) recorded following further
treatment of WT (top, black) and Scn5a-M1875T+/- (bottom, blue) LA with 5 uM flecainide for 15 mins.
d) Grouped data showing minimum pacing cycle length (PCL) at which 1:1 stimulus capture was
maintained in WT (black) and Scn5a-M1875T*/" (blue) LA following exposure to 5 pM flecainide. Time
control data (grey) shows minimum PCL at which 1:1 stimulus capture was maintained in atria that
were not exposed to flecainide but had been under experiment conditions for the same time period
(35 mins from baseline recording). N=12 per group at 330 ms-100 ms PCL. Atria were excluded from
further analysis at shorter PCLs if 1:1 capture was lost, only data in steady state was used. N=5 for
time control experiments. *p<0.05, **p<0.01, WT vs Scn5a-M1875T*/-; ANOVA statistics.

241  left atria (conduction velocity difference at 100 ms PCL -6 + 1 cm/s, n=12, p=0.0357) than in WTs
242 (conduction velocity difference at 100 ms PCL -10 + 1 cm/s, n=12, p=0.0357, Figure 4a and b). We also
243 investigated flecainide-induced changes in left atrial refractoriness as it is known that flecainide
244 induces post-repolarisation refractoriness using rapid atrial pacing. Representative optical AP
245  recordings show 1:1 capture in the Scn5a-M1875T*/- left atria with flecainide, while several stimuli in

246  the WT left atria did not elicit APs (Figure 4c). All time-controlled left atria (no flecainide, same
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experimental duration) were successfully paced with 1:1 capture down to 80 ms PCL. Loss of 1:1
capture began at longer PCLs in WT (7/12 atria lost 1:1 capture at PCLs < 120 ms) compared to Scn5a-
M1875T+- (1/12 atria lost 1:1 capture at PCLs < 120 ms, p=0.0185) left atria. The diastolic pacing
threshold remained consistent throughout experiments. Thus, flecainide induced less pronounced

post-repolarisation refractoriness in the Scn50-M1875T+/" left atria.
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252 5 Discussion

253 5.1 Main findings

254  Our study describes the effects of the familial atrial fibrillation (AF) mutation Scn5a-M1875T+" in a
255  newly generated murine model. Key effects are that the M1875T Scn5a mutation leads to an increased
256  action potential upstroke velocity and amplitude and a selective increase in the early cardiac sodium
257 current (Ina) while cardiomyocyte capacitance, and cardiac size and function are preserved. Scn5a-
258 M1875T+- left atria exhibit a dampened effect to the sodium channel blocker flecainide. Our data in
259  this new murine model suggest that a selective increase of Iy, can cause familial AF, and that
260  commonly used concentrations of sodium channel blockers may be less effective in familial forms of

261  AF with a selective increase in Ins than in other types.

262 5.2 Novel gain-of-function properties of M1875T sodium channels in the murine left atrium

263 Our data confirm a gain-of-function variant, namely an increased early sodium current as evidenced
264 by an augmented action potential amplitude and larger Iy, in the Scn5a-M1875T+- variant.

265

266 In contrast to findings in HEK293 cells %3, there was no leftward shift of channel activation in murine
267 left atrial cardiomyocytes. Instead, we show a similarly augmented Iy, without alterations in channel
268  gating properties. Generation of the murine mutant model allowed us to study mutated sodium
269 channels in cardiac tissue within the presence of the greater protein complex including a- and B-
270 subunits and other membrane proteins, a complete cardiomyocyte contractile apparatus and all other
271  cardiac cell types. In contrast, HEK293 cells would not contract, exclusively contained the mutated
272  version of Na,1.5 in their membranes and are by necessity studied in isolation. Others have reported
273 similar differences between HEK293 and cardiac model systems to the differences reported here 3.
274  Cardiac sodium channels have been observed to form dimers and structural analysis following the

275  hypothesis of Na,1.5 dimerization via C-terminal interaction reveals that the surface of residue
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276  Met1875 of one Na,1.5 cytosolic C-terminus will interact with Ala1924 of a second Na,1.5 ¥. This
277  prediction highlights the importance of the location site investigated in our model as it could provide

278 a structural basis for altered Na,1.5-Na,1.5 channel interaction further to be investigated.

279 5.3 Genotype-phenotype relationship of the Scn5a-M1875T*/- mutation

280 Propagation of action potentials (APs) is carefully orchestrated throughout the atria to ensure
281  effective cardiac function. Disturbed, inhomogeneous electrical activation or altered repolarisation
282 can increase the propensity for re-entrant electrical circuits leading to atrial arrhythmias 3% 3°, Defects
283  in conduction velocity, resulting in slow or inhomogeneous conduction, occur due to altered
284  depolarisation and repolarisation kinetics. While structural alterations of the atria, summarised as
285  atrial cardiomyopathy, often contribute to atrial conduction disturbances %°, defects in the cardiac
286  sodium channel can also cause conduction defects leading to AF 17-2,

287  Unlike other SCN5A mutations 7-22, this variant shows a dampened response to flecainide both on
288 conduction and post-repolarisation refractoriness #!. Flecainide is a clinically used sodium channel
289  blocker that inhibits cardiac Iy, via blocking the pores of open Na,1.5 channels 4% 43, The effects of
290 flecainide were reduced in Scn5a-M1875T*- atria when compared to wildtype. This differential
291  response to flecainide is likely due to the increased early sodium influx through the mutated Na,1.5
292 channels, enabling preservation of conduction and activation properties in atrial cardiomyocytes

293 when sodium channels are inhibited, leading to an enhanced activation reserve.
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294 Murine models have limitations due to differences between mice and men, but they have been useful
295  in characterising sodium channel mutations 27-33 34 44 |dentified mutation-induced changes at the
296 cellular and organ level in this model appear sufficient to explain AF in the original family.

297

298 It is unlikely that the M1875T mutation increases the late sodium current (lya), as APs we measured
299  were not prolonged by the mutation, in line with the initial report of the mutation in HEK cells . A
300 lack of AP prolongation clearly differs to findings in the AKPQ-Scn5a mutant murine model showing a
301  selective increase in Iy, 27" 2% 33, The gain-of-function mutation AKPQ-SCN5A resulted in prolonged
302 atrial and ventricular AP duration, especially at longer pacing cycle lengths. This suggests that the
303 M1875T mutation acts differently to, and is distinct from, SCN5A gain-of-function mutations leading
304  to prolonged repolarisation and long QT syndrome, in concordance with the broad spectrum of
305  phenotypic outcomes resulting from mutations in the same ion channel gene .

306

307  Anenhanced sodium influx into cardiomyocytes will alter the sodium-calcium homeostasis 447,

308 modifying intracellular sodium and calcium concentrations and signalling in cardiomyocyte

309  microdomains 4, This study found normal heart size and cardiomyocyte size. Nonetheless, chronic
310 sodium overload can result in structural changes in the heart with ageing. In the future, the M1875T

311  mouse model may be used to study the long-term effects of a selective increase in the early Iya.

312  Studies in human cardiomyocytes #” and in atrial engineered heart tissue **°!, would be desirable to

313  assess the effect of the M1875T mutation in human models in the future.
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314 Conclusion

315 The Scn5a-M1875T*- variant causes a selective increase in the early cardiac sodium current,
316  potentially leading to an increased activation reserve, whilst structure and contractile function are
317 preserved. These findings can explain the familial occurrence of atrial ectopy and atrial fibrillation in
318  the absence of reported severe heart disease and provide a novel mechanism by which altered
319 cardiomyocyte sodium currents can predispose to atrial fibrillation. Our data also suggest that the
320  M1875T gain-of-function mutation decreases the effectiveness of sodium channel blockers such as

321  flecainide, which may have implications for patient treatment.
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