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Abstract
In cardiomyocytes, electrical activity is coupled to cellular contraction, thus exposing all proteins expressed in the sarcolemma to
mechanical stress. The voltage-gated sodium channel Nav1.5 is the main contributor to the rising phase of the action potential in
the heart. There is growing evidence that gating and kinetics of Nav1.5 are modulated by mechanical forces and pathogenic
variants that affect mechanosensitivity have been linked to arrhythmias. Recently, the sodium channel β1 subunit has been
described to stabilise gating against mechanical stress of Nav1.7 expressed in neurons. Here, we tested the effect of β1 and β3
subunits on mechanosensitivity of the cardiac Nav1.5. β1 amplifies stress-induced shifts of V1/2 of steady-state fast inactivation
to hyperpolarised potentials (ΔV1/2: 6.2 mVwithout and 10.7 mVwithβ1 co-expression).β3, on the other hand, almost doubles
stress-induced speeding of time to sodium current transient peak (Δtime to peak at − 30 mV: 0.19 ms without and 0.37 ms with
β3 co-expression). Our findings may indicate that in cardiomyocytes, the interdependence of electrical activity and contraction is
used as a means of fine tuning cardiac sodium channel function, allowing quicker but more strongly inactivating sodium currents
under conditions of increased mechanical stress. This regulation may help to shorten action potential duration during tachycardia,
to prevent re-entry phenomena and thus arrhythmias.
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Introduction

Voltage-gated sodium channels are essential for the generation
and propagation of action potentials in excitable tissues. They
are macromolecular complexes that consist of a pore forming
α subunit and regulatory β subunits [7, 8]. α subunits are large
(260 kDa) proteins that contain four homologous domains (DI-

DIV) of six transmembrane segments (S1-S6) that include a
voltage sensing domain (VSD, S1-4) and a pore domain (S5-
6). In contrast, β subunits are small proteins (30–40 kDa) with
one transmembrane domain and are either linked to the α sub-
unit via a disulphide bridge or are non-covalently bound [6,
33]. In humans, nine Navs (Nav1.1–Nav1.9) and four β sub-
units (β1–β4) are known to date. Their concerted interaction is
crucial for channel gating and surface expression. Mutations in
both α and β subunits as well as β subunit deficiency in mice
lead to severe disorders due to altered excitability like epilepsy
syndromes, pain, and arrhythmias [10, 13, 25, 46].

Besides regulation by accessory proteins, Navs themselves
have been found to be mechanosensitive [32, 38, 40]. In neu-
rons, especially in the peripheral nervous system, action po-
tentials need to initiate and propagate independently of me-
chanical stress induced by, e.g., bodymovement. Recently,β1
has been shown to stabilise the neuronal Nav1.7 against me-
chanical stress [17]. The non-covalently bound β subunits β1
and β3 share most homology among all isoforms and have
been implicated in cardiac conduction diseases like Brugada
Syndrome or atrial or ventricular fibrillation [5, 11, 14, 26, 41,
42]. In the heart, each action potential is followed by a cellular
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contraction, thus mechanical stress of the proteins expressed
in the sarcolemma occurs inherently under physiological con-
ditions. It has been shown that especially Nav1.5, the predom-
inant cardiac isoform [7, 16] is regulated by various mechan-
ical stimuli in a partly reversible and dose-dependent manner
[2, 22]. Regulation of Nav1.5 by mechanical stress can con-
tribute to the mechano-electric feedback, which is important
for normal cardiac function and the pathophysiology of
arrhythmogenesis [21, 28], but its molecular mechanisms are
incompletely understood. A potential involvement of β1 and
β3 in the regulation of mechanosensitivity of Nav1.5 is there-
fore likely but has not been investigated so far.

In the present study, we analysed how heterologous co-
expression of β1 and β3 subunits with Nav1.5 affects
mechano-induced changes in gating and kinetics. Unlike the
stabilising effect of β1 on activation and inactivation of
Nav1.7 under mechanical stress [17], β1 amplifies
mechano-induced shifts in inactivation of Nav1.5. In contrast,
β3 does not alter changes of the voltage sensitivity under
mechanical stimulation but enhances mechano-induced
speeding of gating kinetics. Our results suggest that
mechanosensitivity of Nav1.5 is differentially regulated by
β1 and β3 and that the mechanomodulative role ofβ subunits
is dependent on the interacting Nav. Therefore, β subunits
provide a molecular mechanism to fine tune Nav-activity
and thereby adapt cellular excitability to acutely altered me-
chanical forces much quicker than mechanisms of transcrip-
tional regulation.

Materials and methods

Cell culture and transfection

HEK293 cells were maintained in IMDM with 10% FBS and
1% Pen/Strep (all Life Technologies) at 37 °C and 5% CO.
Constructs containing hNav1.5 in a modified pTracer vector,
GFP (Lonza), or modified pCLH vectors containing either hu-
manβ1withapIRESsite forGFPorac-terminallyGFP-tagged
humanβ3were used for co-expression experiments. For trans-
fection,PEImax40K(Polysciences Inc.)wasdilutedaccording
to the manufacturer’s instructions to a concentration of 1
mg/mL. Four microliters of the dilution was added to 200 μL
OptiMEM (Life Technologies) and mixed with plasmids of
hNav1.5 (1 μg) with either 0.3 μg of GFP, hβ1, or hβ3-GFP
containing vectors in 200 μL OptiMEM and incubated for
20 min at room temperature. Several studies used similar
GFP-tagged constructs and reported functional preservation
of β subunit properties by direct comparison of fluorescently
tagged and untagged constructs [18, 48]. However, we cannot
fully exclude an impact on mechanosensitivity of the GFP-
tagged β3 construct. Cells were kept in antibiotic-free media
for transfection and incubated 24–28 h before experiments.

Electrophysiology

All recordings were made with a HEKAEPC10 USB system at
room temperature. Glass pipettes (tip resistance 1.0–2.5MΩ)
were manufactured with a DMZ puller (Zeitz Instruments
GmbH) and filled with internal solution containing (in mM):
140 CsF, 2 NaCl, 10 Hepes, 1 EGTA, 15 glucose (pH 7.33,
adjusted with CsOH). The bath solution contained (in mM) 70
CholineCl, 70 NaCl, 3 KCl, 1 MgCl2, 1 CaCl2, 10 Hepes, 20
glucose (pH 7.4, adjusted with NaOH). Capacitive transients
were cancelled online during gigaseal formation, series resis-
tance was compensated to 75% and cells having series resis-
tance > 5 MΩ were excluded from analysis. Mechanical stress
was applied as shear stress with a gravity-driven perfusion pen-
cil (Automate Scientific 4 channel perfusion pencil, tip: internal
diameter 360 μm) positioned at 1100 μm from the cell. The
flowwas set to approximately 300 µL/min (tip flow: 41.4 cm/s)
and was initiated before establishing whole-cell configuration.
To correct for time-dependent changes in gating, each condition
(Nav1.5, Nav1.5 + β1 or β3) was either recorded with or with-
out mechanical stimulation in a time-matched experimental ap-
proach. Traces were acquired at a 100 kHz frequency and low-
pass filtered at 2.83 kHz. Leak correction was performed online
using the P/4 method with alternate leak pulses recorded after
the test pulse. Prior to recordings, cells were equilibrated for
3 min at a holding potential of − 120 mV.

Current-voltage relations were obtained by 10 mV
voltage steps of 100 ms ranging from − 100 to
+30 mV at an interval of 10 s. The conductance of
voltage-dependent sodium currents (GNa) was calculated
using the following equation: GNa = INa /(Vmem −
Erev). INa is the current at the voltage Vmem, Erev is the
reversal potential for sodium that was calculated for each
cell individually and normalised conductance (G/Gmax )
was plotted versus test voltage. Voltage of half maximal
activation (V1/2) and the slope factor (k) were calculated
by fitting the function with the Boltzmann equation

G Vmemð Þ=Gmax ¼ 1= 1þ e Vmem−V1=2ð Þ=k� �
.

Voltage dependence of steady-state fast inactivation was
recorded by a series of 500 ms pre-pulses from − 180 to
− 20 mV in 10 mV steps each followed by a 40 ms
depolarisation to 0 mV (test pulse) to record currents of non-
inactivated channels. Peak inward sodium currents at each test
pulse were normalised to the maximal inward current
(I/Imax), plotted versus pre-pulse voltage, and fitted by the

Boltzmann function I Vmemð Þ=Imax ¼ 1= 1þ e Vmem−V1=2ð Þ=k� �

to calculate the half maximal potential (V1/2) and slope factor
(k) of inactivation.

Time to peak was calculated as time required by the current
from onset of depolarisation to reach its maximum at poten-
tials between − 50 mVand 30 mV in the activation protocol.
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Time constants of inactivation were obtained by fitting the
decay of Nav currents with a biexponential function using
Igor Pro 5.0.2.0.

Data analysis and statistics

Data were analysed using the Fitmaster software (HEKA),
Excel (Microsoft Corporation) with the Real Statistics
Resource Pack software plugin v5.2 (Zaiontz C., 2018, www.
real-statistics.com), Origin 9.1 (Origin Lab), and Igor Pro 5.0.
2.0 (Wavemetrics). Plots were made with Prism 6.2 (Graphpad
Software), Inkscape 0.92.3 (GPL software), and Corel Draw
X6 (Corel Corporation). Data are presented as mean ± SEM
unless stated otherwise. Each group contains experiments of at
least three different transfections. All groups were analysed by
D’Agostino-Pearson test to assess normality distribution of
underlying data points. Consequently one-way ANOVA with
Tukey’s post hoc test was used for normally distributed data
and a Kruskal-Wallis test followed by Dunn’s multiple com-
parison test was used for non-parametric testing. p values
< 0.05 were considered significant and are indicated as follows:
*p < 0.05; **p < 0.01; ***p < 0.001. For means of clarity,
levels of significance are only given for comparisons that illus-
trate either the effects of mechanical stress or β subunits.

Homology modelling

The 4.0 Å cryo-EM structure of the electric eel Nav1.4-β1
complex (PDB ID 5XSY) [45] provided the structural tem-
plate for construction of a hNav1.5-hβ1 or hNav1.5-hβ3 com-
plex homology model. Sequence alignment was performed
using Jalview [44] and 100 loop-refined models were gener-
ated with MODELLER 9.19 [31]. The best model was chosen
based on the implemented DOPE-HR score in MODELLER
and visual inspection.

Results

Half maximal voltage of activation of Nav1.5 is
unchanged by β1 co-expression or mechanical stress

To investigate mechanosensitivity of Nav1.5 in dependence of
the β1 and β3 subunit, we used a standardised bath flow to
induce mechanical stress on transiently transfected HEK293
cells. Current density in cells expressing Nav1.5 remained
unchanged by co-expression of β1 and was also unaffected
by mechanical stimulation (− 308.8 ± 33.81 pA/pF, Fig. 1,
Table 1). Consistent with previously published results for bath
flow as mechanical stimulus [4], we did not observe any im-
pact on the midpoint (V1/2) of activation of Nav1.5 (Fig. 1).
V1/2 of activation was − 41.6 ± 0.7 mV for Nav1.5 alone and
was also unaffected by co-expression of β1 (Fig. 1b, c).

Solely, the slope of activation was slightly but significantly
less steep under mechanical stimulation in the presence of β1
(see Table 1 for summary).

β3 co-expression shifts activation of Nav1.5
to depolarised potentials

In contrast to β1, β3 depolarised V1/2 of activation of Nav1.5
by 5.9 mV (Fig. 2). Also, under mechanical stress, the
depolarisation of activation of Nav1.5 by β3 was retained
(Fig. 2b, c). There was a small but significant effect on the
slope factor of activation that mirrored the findings found for
V1/2 of activation in all groups asβ3 increased the slope factor
of activation independent of mechanical stimulation (for sum-
mary see Table 1).

β1 amplifies mechanosensitivity of Nav1.5
steady-state fast inactivation

Co-expression of β1 with Nav1.5 led to a depolarisation of
inactivation by 5.4 mVand the slope was observed to be steep-
er in the presence of β1. In accordance with previous results
for negative pressure [2, 3], mechanical stress resulted in pro-
nounced hyperpolarisation of V1/2 of steady-state fast inactiva-
tion of Nav1.5 by 6.2 mV (Fig. 3). In contrast to its effects on
the neuronal subtype Nav1.7 [17], we did not observe a
mechano-protective effect of β1 co-expression on inactivation
of the cardiac isoform Nav1.5. On the contrary, β1 seems to
amplify the mechano-induced shift of inactivation from a
ΔV1/2 of 6.2 mV without β1 to a ΔV1/2 of 10.7 mV with β1
(Fig. 3, Table 1). As observed for activation, the slope was less
steep in the presence of β1 under mechanical stimulation.
Thus, mechanical stress can regulate Nav1.5 inactivation
among a larger range of voltages when β1 is co-expressed.

Similar to β1, co-expression of β3 with Nav1.5 induced a
notable depolarising shift in the voltage dependence of steady-
state inactivation (ΔV1/2 6.4 mV). Mechanical stimulation
equally hyperpolarised inactivation of Nav1.5 alone or co-
expressed with β3 by 6.2 mV and 7.5 mV, respectively (Fig.
4a, b), suggesting only a moderate amplification of the stress-
induced shift of V1/2 compared to β1 (Table 1).

β3 enhances mechanical induced speeding of gating
kinetics of Nav1.5.

It was previously reported that mechanical stress not only
affects the voltage-dependence of activation and inactivation
but also their kinetics [2, 4, 35]. As current traces were indic-
ative for such changes (Figs. 1a and 2a and Supplementary
Fig. 1), we used time to peak as a measure for activation
kinetics. We found that in contrast to β1, β3 delayed time to
peak of Nav1.5 in control conditions over the whole voltage
range (Fig. 5c). Mechanical stress speeds up channel
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activation under all conditions measured and reached signifi-
cance for Nav1.5 alone and in co-expression with β3 (Fig. 5).
Notably, stress-induced delta of time to peak at − 30 mV was
nearly doubled by co-expression of β3, from a speeding of
0.19 ms under control conditions, to 0.37 ms when β3 was
present (Fig. 5c, d, Table 1).

Inactivation of Nav1.5 was well described by a
biexponential function resulting in a fast (tau1) and a slow
time constant (tau2) that accounted for the average of 82 ±
1.1% and 17.9 ± 1.0% percent of the current for all groups. For
Nav1.5, tau1 was 1.09 ± 0.04 ms and tau2 was 6.24 ± 0.37 ms
and both time constants were significantly accelerated by me-
chanical stress. Similar to the findings for activation kinetics,
the co-expression of the β3 subunit enhanced mechano-
induced acceleration of inactivation from a Δtau1 of 0.4 ms

for Nav1.5 alone to 0.69 ms whereas in the presence of β1,
inactivation kinetics remained unchanged bymechanical stim-
ulation (Table 1, Supplementary Figs. 1 and 2)

Thus, co-expression ofβ3 offers a larger working range for
mechanically induced changes, which allows for speeding and
slowing of time to peak (and thus potentially alteration of the
slope of the action potential), depending on the intensity of
mechanical stress in the cardiomyocyte.

Homology modelling suggests different affinity
of non-covalently bound β subunits to the putative
binding site in Nav1.5

Differences in mechanomodulation of Nav1.5 by β subunits
could arise in the binding to distinct and/or multiple binding

Fig. 1 Half maximal voltage of activation of Nav1.5 is not changed by
mechanical stress nor by co-expression of the β1 subunit. HEK293 cells
transiently transfected with Nav1.5 and Nav1.5 + β1 subunit were
recorded with or without (flow-induced) mechanical stress. a
Representative sodium current traces of Nav1.5 and Nav1.5 + β1
without and with mechanical stress elicited by the voltage protocol
given in the inset of b. b Conductance-voltage plots fitted with a
Boltzmann function and c derived half maximal voltage of activation
(V1/2) for individual experiments. V1/2 is displayed as mean ± SEM

with individual data points and was not significantly affected by
mechanical stress or co-expression of β1. V1/2 of activation for Nav1.5
control was − 41.6 ± 0.7 mV (filled black circles, n = 15) and − 43.9 ±
0.5 mV for Nav1.5 + β1 control (filled orange squares, n = 13). With
mechanical stress V1/2 of activation of Nav1.5 was − 44.0 ± 0.6 mV
(Nav1.5 shear stress, open black circles, n = 25) and − 45.1 ± 1.0 mV
for Nav1.5 co-expressed with β1 (Nav1.5 + β1 shear stress, open orange
squares, n = 17; one-wayANOVAwith Tukey’s multiple comparison test)
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sites as well as variability in the interaction at the same bind-
ing site. Functional studies suggested different interactions
and mechanisms of gating modulation for non-covalently
bound β subunits and Nav1.5 [47]. However, no structural
data is available for the interaction of Nav1.5 with any of the
β subunits. We wondered what insights we could obtain using
the resolved cryo-EM structure of the Nav1.4-β1 complex
[45] as a template for Nav1.5-β1/3 interaction. This allowed
us to compare the modelled binding interfaces of Nav1.5-β1
and Nav1.5-β3 at the proposed interaction site at VSDIII by
analysing the distances between the side chains of the α and β
subunits. We define potential interacting sites as sidechains
modelled within a distance of 3 Å to the other subunit (Fig.
6 and Supplementary table 1). β3 appears to possess a higher
number of interactions with its extracellular domain (ECD)
and the extracellular loops of Nav1.5 as well as with its trans-
membrane domain (TMD) bound to VSDIII. This may ex-
plain the more pronounced effects ofβ3 on channel activation
kinetics. We observed that the interaction with the extracellu-
lar loops of Nav1.5 was not identical for both β subunits: they
seem to be more pronounced at the extracellular parts of the
loops between S5 and S6 in DIV and DI for β3 compared to
β1.

Discussion

In this study, we characterise the effects of the β1 and β3
subunits on the mechanosensitivity of the cardiac sodium

channel Nav1.5. Our results show that both β subunits differ-
entially regulate the mechanical susceptibility of this channel.
In particular, β1 amplifies mechano-induced gating changes
of inactivation whereas β3 mostly promotes speeding of gat-
ing kinetics.

In our experimental setting, we chose standardised bath
flow as stimulus which was kept constant within the capabil-
ities of this experimental setting and observed a reliable
hyperpolarisation of inactivation of Nav1.5 (ΔV1/2 6.2 mV)
as a prerequisite to investigate the impact of β subunits on
mechanosensitivity of Nav 1.5. However, changes in gating
and kinetics of Navs induced by mechanical stimulation seem
to be dependent on the magnitude and mode of the stimulus as
well as the cellular background. The latter supports the idea
that mechanosensitivity of voltage-gated channels seems to be
regulated by proteins which expression vary between different
tissues. So far shifts of activation and inactivation of Navs
have not uniformly been reported but if they occur they are
consistently found to be in the hyperpolarising direction [2, 4,
36] and a hyperpolarisation of inactivation has been also de-
scribed for Nav1.6 [40], Nav1.4 [32], and Nav1.7 [17].
Mechano-induced effects on gating kinetics also vary among
experimental settings but uniformly seem to be accelerated
which also matches our observations [2, 37] The experimental
setting of this study was designed to answer the question if β1
andβ3 can influence mechanosensitivity of Nav1.5 in general
but is not suited to draw conclusions about dose-dependency
of shear stress and to apply higher more physiological flow
rates. From what is known to date from using pressure clamp

Table 1 Properties of Nav1.5 currents in dependence of co-expression of β1 or β3 and mechanical stimulation

Nav1.5 Nav1.5 stress Nav1.5β1 Nav1.5β1 stress Nav1.5β3 Nav1.5β3 stress

Activation

V1/2 (mV) − 41.6 ± 0.7 − 44.0 ± 0.6 − 43.9 ± 0.5 − 45.1 ± 1.0 − 35.7 ± 1.2§§ − 37.2 ± 1.4§§§

Slope (1/mV) 7.2 ± 0.2 6.8 ± 0.2 6.3 ± 0.3 7.7 ± 0.3** 8.5 ± 0.2§§ 8.7 ± 0.2§§§

ΔV1/2 2.4 1.2 1.5

Time to peak at − 30 mV (ms) 0.97 ± 0.03 0.78 ± 0.02*** 0.97 ± 0.02 0.85 ± 0.03 1.17 ± 0.05 0.8 ± 0.03***

Δ time to peak (ms) 0.19 0.12 0.37

tau1 at − 30 mV (ms) 1.09 ± 0.04 0.69 ± 0.06*** 0.98 ± 0.06 0.91 ± 0.1 1.51 ± 0.12 0.82 ± 0.07***

Δ tau1 (ms) 0.4 0.07 0.69

Amp1 (%) 85.4 ± 1.3 83.0 ± 2.5 84.3 ± 2.6 78.2 ± 2.8 80.1 ± 3.4 81.4 ± 2.0

tau2 at − 30 mV (ms) 6.24 ± 0.37 4.14 ± 0.35* 5.97 ± 0.76 7.02 ± 0.95 8.2 ± 1.36 5.7 ± 0.6

Amp2 (%) 14.6 ± 1.4 16.8 ± 2.4 14.7 ± 2.2 21.4 ± 2.6 19.6 ± 3.2 19.9 ± 2.4

Current density − 308.8 ± 33.8 − 365.8 ± 41.0 − 522.9 ± 114 − 339.2 ± 31.3 − 297.1 ± 37.6 − 234.1 ± 23.4

Inactivation

V1/2 (mV) − 99.0 ± 0.9 − 105.2 ± 0.9** − 93.6 ± 0.6§ − 104.3 ± 1.9*** − 92.6 ± 1.4§§ − 100.1 ± 1.2§,**

Slope (1/mV) 6.0 ± 0.1 6.1 ± 0.1 4.9 ± 0.1§§ 6.3 ± 0.3*** 5.4 ± 0.1 6.2 ± 0.3

ΔV1/2 6.2 10.7 7.5

Significance levels are given for comparisons of mechanical stress to control conditions indicated by * and for the effects of the β1 or β3 subunits
compared to Nav1.5 indicated by § (*/§ p < 0.05; **/§§ p < 0.01, ***/§§§ p < 0.001).Δ: difference in themeans between control condition andmechanical
stress for each group
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Fig. 2 Effects of β3 on activation
of Nav1.5 remain unchanged
under mechanical stress. a
Representative sodium current
traces from Nav1.5 and Nav1.5 +
β3 expressed in HEK293 cells
without and with mechanical
stress elicited by the protocol
given in b. b Boltzmann fits of
voltage dependence of
normalised sodium conductance.
c V1/2 of activation presented as
mean ± SEM with single data
points for Boltzmann fits of
individual experiments. Co-
expression of β3 caused a
significant depolarisation of the
V1/2 of activation in control
conditions. Mean ± SEM values
were − 41.6 ± 0.7 mV for Nav1.5
control (filled black circles, n =
15), − 35.7 ± 1.2 mV for Nav1.5 +
β3 control (filled blue diamonds,
n = 16), − 44.0 ± 0.6 mV for
Nav1.5 + mechanical stress (open
black circles, n = 25) and − 37.2 ±
1.4 mV for Nav1.5 + β3 +
mechanical stress (open blue
diamonds, n = 17; one-way
ANOVAwith Tukey’s multiple
comparison test)

Fig. 3 β1 expression amplifies mechano-induced changes in steady-state
fast inactivation of Nav1.5. a Normalised currents showing voltage
dependence of steady-state fast inactivation for Nav1.5 and Nav1.5 +
β1 with and without mechanical stress. b Half maximal voltage of
inactivation (V1/2) was calculated from Boltzmann fits of individual
experiments and is depicted as mean ± SEM with individual data
points. The difference of V1/2 of inactivation (ΔV1/2) for Nav1.5 alone
or co-expressed with β1 between control condition and mechanical stress
is given as a bar graph in the inset of a.β1 expression depolarised the V1/2

of inactivation of Nav1.5 by 5.4 mV. Mechanical stress caused a
hyperpolarising shift in V1/2 of inactivation by 6.2 mV for Nav1.5 alone
that was amplified by β1 expression to a ΔV1/2 of 10.7 mV. V1/2 of
inactivation was − 99.0 ± 0.9 mV for Nav1.5 control (filled black
circles, n = 18) and − 93.6 ± 0.6 mV for Nav1.5 + β1 control (filled
orange squares, n = 14). Under mechanical stress, V1/2 of Nav1.5 was
shifted to − 105.2 ± 0.9 mV (Nav1.5 stress, open black circles, n = 21) and
to − 104.3 ± 1.9 mV for Nav1.5 + β1 (Nav1.5 + β1 stress, open orange
squares, n = 16; one-wayANOVAwith Tukey’s multiple comparison test)
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as more quantitative method to apply force, Nav1.5 alone
responds to mechanical stress in a dose-dependent manner
[2]. Further work is needed to elucidate how β subunits add
to this dynamic response and to previous findings of other
mechanical stimuli.

The impact of the β1 subunit on mechanomodulation of
Nav1.5 found in this study is distinct from previous observa-
tions with other Nav subtypes. Expression of β1 did not seem
to alter the response of Nav1.6 to mechano-induced changes in
gating and kinetics [40]. However, it has recently been shown
that β1 stabilises gating of Nav1.7 against bath flow induced
hyperpolarisation [17]. In accordance with previous observa-
tions in HEK cells, β1 caused a considerable depolarisation
of inactivation [47]. Unlike to its effects on Nav1.7, β1 could
not stabilise inactivation of Nav1.5 against mechanical stimu-
lation but conversely amplified the mechano-induced
hyperpolarisation of inactivation. These findings suggest that
regulation of mechanosensitivity by the same isoform of β
subunits might be dissimilar between different Nav isoforms.

To our knowledge, no previous study has addressed the
regulation of mechanosensitivity of Navs by other β subunits
than β1. Here, we show that β3 depolarises V1/2 of activation
and inactivation of Nav1.5 but unlike β1 does not seem to
affect mechano-induced gating shifts of inactivation.
However, we found that β3 is able to enhance acceleration
of gating kinetics by mechanical forces. Therefore, our find-
ings suggest that mechanomodulation is not only restricted to
β1 but that distinct β subunits rather differentially regulate
mechanosensitivity of Navs. Moreover, mechanomodulation
by β subunits does not only affect voltage sensitivity but also
seems to include gating kinetics.

It has previously been shown that mechanical stress
stabilises inactivated states of Nav1.5 [2, 36], accelerates

spontaneous beating and also the decay slope of action poten-
tials of atrial myocyte-derived HL1 cells [36]. As β1 seems to
extend the voltage range among which mechanical stimula-
tion can regulate inactivation of Nav1.5, β1 would potentiate
this mechanisms. Stronger inactivation would limit late per-
sistent sodium current during repolarization of the action po-
tential thereby making early afterdepolarizations more unlike-
ly [12, 20]. In addition, mechano-induced acceleration of ac-
tivation by β3 would potentially alter the slope of the action
potential and could lead to better sodium channel synchroni-
sation, faster calcium channel opening and thus support Ca2+-
influx in the presence of stress. Our findings may indicate that
in cardiomyocytes the inherent mechanical stress followed by
each action potential is used as a means of fine tuning cardiac
sodium channel function, allowing quicker activating but
more strongly inactivating sodium currents under conditions
of increased mechanical stress. This regulation allows a fast-
acting adjustment process that may help to shorten action
potential duration during tachycardia, to prevent re-entry phe-
nomena and thus arrhythmias.

Navs differ in electrical properties and thus have distinct roles
in action potential generation [8, 29]. As mechanosensitivity
does not seem to be comparable among Nav isoforms and is
moreover differentially regulated byβ subunits, it is tempting to
speculate that mechanical forces could not only influence the
contribution of Navs to electromechanical coupling but also to
electrogenesis.

Mechanisms that has been described to be important for
mechanosensitivity of Navs involves interaction with the
actin-based cytoskeleton [9, 35], modulation of the VSD by
the lipid surrounding [2], and interactions between α and β
subunits [17]. Asβ1 and β3 can also interact with actin-based
cytoskeleton via different cytosolic proteins [18], these ability

Fig. 4 β3 does not affect mechanosensitivity of steady-state fast
inactivation of Nav1.5. a Voltage dependence of steady-state fast
inactivation for Nav1.5 (black circles) and Nav1.5 + β3 (blue
diamonds) with (open symbols) and without mechanical stress (filled
symbols). b Mean ± SEM for V1/2 of inactivation obtained by
Boltzmann fits for individual experiments. β3 expression depolarised
V1/2 of inactivation by 6.4 mV. Mechanical stress equally

hyperpolarised V1/2 of inactivation for Nav1.5 alone and Nav1.5 + β3
by 6.2 mVand 7.5 mV respectively as depicted in the inset of a. Mean ±
SEM for V1/2 of inactivation were − 99.0 ± 0.9 mV without (Nav1.5
control, n = 18) and − 92.6 ± 1.4 mV with β3 under control conditions
(Nav1.5 + β3 control, n = 14 ) and − 105.2 ± 0.9 mV (Nav1.5 stress, n =
21) and − 100.1 ± 1.2 mV (Nav1.5 + β3 stress, n = 14) under mechanical
stress. One-way ANOVAwith Tukey’s multiple comparison test
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could be one explanation for their differential effects on
mechanomodulation. The recently solved cryo-EM structures
of the Nav1.4-β1 complex from electric eel and man consis-
tently showed that β1 is located close to the DIII VSD and
interacts with extracellular loops of DI and DIV [27, 45].
Using a homology model, we found that β3 seems to have
more interactions with DIII VSD and especially the extracellu-
lar parts of the pore loop domain IV. For β1 and Nav1.7, this
region has been shown to be important for mechanostabilisation
of inactivation as the C43A mutant of β1 that disturbs binding
to the S5-S6 loop of DIV loses its ability to stabilise inactivation
against mechanical stress but still selectively prevents the
mechano-induced shifts in activation. Together with this obser-
vation, the stronger interactions of β3 with the extracellular

parts of S6DIV strengthen the evidence that this region might
be especially important in mediating mechanomodulation of
inactivation and could be an explanation why β1 co-
expression is able to amplify mechano-induced shifts in inacti-
vation whereas β3 is not.

However, homology modelling as indirect approach is lim-
ited by its assumption of a putative binding site as non-
covalently β subunits have been shown to regulate gating of
Nav1.5 via modulation of different VSDs [47]. The same
group found non-additive effects for steady-state inactivation
but cooperative effects for VSD-activation co-expressing
Nav1.5 with β1 and β3 depending on interactions with dif-
ferent VSDs and also suggested that molecular level differ-
ences in α-β subunit interaction affect gating kinetics and

Fig. 5 β3 expression enhances acceleration of activation kinetics of
Nav1.5 by mechanical stress. Time to peak with and without
mechanical stress was calculated for Nav1.5 alone and co-expressed
with the β1 (a, b) or β3 subunit (c, d). b, d Statistical analysis for time
to peak at − 30mVwhere peak inward current was maximal. a, bWithout
stress β1 co-expression (Nav1.5 + β1 control, filled orange squares) did
not affect time to peak when compared to Nav1.5 control (filled black
circles). Mechanical stress decreased time to peak for both groups over
the whole voltage range but did not reach significance for Nav1.5 + β1 at
− 30 mV. β1 did not seem to alter the mechano-induced acceleration of
activation and the difference of time to peak was similar in the absence
(0.19 ms) and presence of β1 (0.12 ms, see also inset in a). Time to peak
at − 30 mV is depicted for individual experiments and mean ± SEM was

0.97 ± 0.03ms for Nav1.5 (n = 15) and 0.97 ± 0.02ms for Nav1.5 +β1 (n
= 13) under control conditions. With mechanical stress time to peak was
0.78 ± 0.02ms for Nav1.5 (n = 25) and 0.85 ± 0.03ms for Nav1.5 +β1 (n
= 17). c, d Without mechanical stress β3 co-expression showed a
tendency to increase time to peak over the whole voltage range but did
not reach significance at − 30 mV compared to Nav1.5 control. With
mechanical stress activation kinetics for Nav1.5 and Nav1.5 + β3 were
both accelerated but β3 almost doubled the Δ time to peak which was
0.37 ms instead of 0.19 ms for Nav1.5 alone (inset in c). Mean values ±
SEM at − 30 mVwere 0.97 ± 0.03 ms for Nav1.5 control (n = 15), 1.17 ±
0.05 ms for Nav1.5 + β3 control (n = 16), 0.78 ± 0.02 ms for Nav1.5
stress (n = 25) and 0.8 ± 0.03ms for Nav1.5 +β3 stress (n = 17). Kruskal-
Wallis ANOVAwith Dunn’s multiple comparison test
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could promote binding to lower affinity binding sites. Based
on our observation that β3 seems to share more interactions
with Nav1.5 than β1, it is tempting to speculate that if both β
subunits would be able to bind to Nav1.5 at the same binding
site, their modulatory effects could still be different due to
unequal interactions with the extracellular loops of Navs.
Furthermore, it might also be possible that a distinct β subunit
isoform is not only able to interact with more than one binding
site but also does not bind to the same binding site in all Nav
isoforms. Our assumptions are further based on and match
structural information of α-β complexes in which β subunits
bind to the channel as a monomer [27, 33, 45]. However, there
are studies that suggest Nav clustering by β subunits and
trimerisation of β3 [19, 23, 24]. The interaction sites for

trimerisation however mostly overlap with those necessary
for binding to the α subunit. To address this question, further
structural and functional studies are necessary to improve our
understanding on how β subunits bind to and modulate Navs.

Implications for the contribution of mechanosensitivity of
Navs1.5 in physiology and pathophysiology have been pro-
posed for the cardiac electromechanical feedback [28] and
have been strengthened by the observation that arrhythmia
linked variants alter mechanomodulation of Nav1.5 [1].
Mutations affecting mechanosensitivity of Nav1.5 have re-
cently also been linked to the pathophysiology of irritable
bowel syndrome and mechanosensitive properties of Nav1.5
may be important for normal gastrointestinal motility [30, 37].
From those mutations or mutations in β1 and β3 associated

Fig. 6 Scheme and homology
model of Nav1.5 in complex with
β1 and β3. Schematic overview
of the domains (DI-IV) and
transmembrane segments (S1-6)
of Nav1.5 (a). Interaction sites
calculated by homology
modelling with β1 and β3 are
highlighted in red. Non-
covalently bound β subunits were
found to bind at the S5-PL-linker
of DI (1), the S6 DII-S1 DIII-loop
(2), the S1-S2-linker of DIII (3),
S2 DIII (4), the S5-PL-linker of
DIV (5) and the PL-S6-linker of
DIV (6). PL: pore loop; IFM
indicates the inactivation particle
in the loop between DIII and DIV.
Homology model of Nav1.5 in
complex with the β1 (b, c, d) or
β3 subunit (e, f, g) using the
Nav1.4-β1 complex from electric
eel as template. Residues within a
distance of 3 Å are shown as red
spheres. β3 forms more
interactions with Nav1.5
especially with VSDIII and the
extracellular parts of the pore loop
domain IVof Nav1.5
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with arrhythmias known to date, none seem to directly
affect any of the predicted binging sites in our homology
model. However, our model suggests that Nav1.5 F1293S
and Nav1.5 S1770G [34, 37], β1 D153N [43], and β3
V54G [39], A130V [41], and M161T [15, 26] are localised
in close proximity of some of the predicted interaction
sites. Therefore, it is tempting to speculate that these mu-
tations might interfere with the mechanoregulation of
Nav1.5 by β1 and β3 and indicate a potential involvement
of β subunits in the pathology of irritable bowel syndrome.
However, further studies are necessary to elucidate this
issue in more detail.

Recently, mechanomodulation of Nav1.7 has been dis-
covered as new property of the regulatory β1 subunit. In
this study, the regulation of mechanosensitivity of the car-
diac sodium channel Nav1.5 by the non-covalently bound
β subunits β1 and β3 has been investigated. In summary,
our findings indicate that mechanomodulation is not a
property unique to β1 and seems to differ between distinct
Nav α and β isoforms. β1 and β3 differentially regulated
mechanosensitivity of Nav1.5 and we describe an enhance-
ment of mechano-induced acceleration of gating kinetics as
novel mechanism of mechanomodulation. Our data provide
further insights into the antiarrhythmogenic action of β
subunits and strengthen the evidence that mechanosensitivity
seems to be an accurately regulated property of Navs that
possesses potential pathological and pharmacological
implications
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