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Abstract
Purpose Mechanical stretch increases sodium and calcium entry into myocytes and activates the late sodium current. GS967, a
triazolopyridine derivative, is a sodium channel blocker with preferential effects on the late sodium current. The present study
evaluates whether GS967 inhibits or modulates the arrhythmogenic electrophysiological effects of myocardial stretch.
Methods Atrial and ventricular refractoriness and ventricular fibrillation modifications induced by acute stretch were studied in
Langendorff-perfused rabbit hearts (n = 28) using epicardial multiple electrodes and high-resolution mapping techniques under
control conditions and during the perfusion of GS967 at different concentrations (0.03, 0.1, and 0.3 μM).
Results On comparing ventricular refractoriness, conduction velocity and wavelength obtained before stretch had no significant
changes under each GS967 concentration while atrial refractoriness increased under GS967 0.3 μM. Under GS967, the stretch-
induced changes were attenuated, and no significant differences were observed between before and during stretch. GS967
0.3 μM diminished the normal stretch-induced changes resulting in longer (less shortened) atrial refractoriness (138 ± 26 ms
vs 95 ± 9ms; p < 0.01), ventricular refractoriness (155 ± 18ms vs 124 ± 16ms; p < 0.01) and increments in spectral concentration
(23 ± 5% vs 17 ± 2%; p < 0.01), the fifth percentile of ventricular activation intervals (46 ± 8 ms vs 31 ± 3 ms; p < 0.05), and
wavelength of ventricular fibrillation (2.5 ±0.5 cm vs 1.7 ± 0.3 cm; p < 0.05) during stretch. The stretch-induced increments in
dominant frequency during ventricular fibrillation (control = 38%, 0.03μM= 33%, 0.1 μM= 33%, 0.3 μM= 14%; p < 0.01) and
the stretch-induced increments in arrhythmia complexity index (control = 62%, 0.03μM= 41%, 0.1 μM= 32%, 0.3 μM= 16%;
p < 0.05) progressively decreased on increasing the GS967 concentration.
Conclusions GS967 attenuates stretch-induced changes in cardiac electrophysiology.

Keywords Mechanoelectric feedback . Myocardial stretch . Late sodium current . GS967 . Ventricular fibrillation . Activation
mapping of arrhythmias

Introduction

Mechanical stretch increases sodium and calcium entry into
myocytes [1]. Several mechanisms have been implicated in
this phenomenon, such as increased activity of the Na+/H+

and reverse mode of Na+/Ca2+ exchangers [2–4], sodium
influx through stretch-activated channels [1, 5], or the
mechanosensitivity of the voltage-gated sodium channels
(Nav1.5) [6, 7]. Mechanical stretch also increases the produc-
tion of reactive oxygen species (ROS) through the activation
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of NADPH oxidase [8, 9], which in turn stimulates the Na+/
H+ exchanger and modifies the Nav1.5 channels—enhancing
the persistent sodium inflow through the plateau of the action
potential. The persistent or late sodium current (INaL) is
caused by the delayed or incomplete inactivation of the
Nav1.5 channel [10, 11], and this channel is also influenced
by several kinases including Ca2+/calmodulin-dependent pro-
tein kinase (CaMKII) [8, 12, 13]. CaMKII activity is also
modified by the stretch-induced increase in intracellular
Ca2+ [11, 14] and in ROS production [8].

Drugs such as ranolazine block INaL and have shown ben-
eficial actions under arrhythmogenic conditions linked to the
enhancement of INaL current and cellular Ca2+ overload [15,
16]. Recently, we have observed that ranolazine also attenu-
ates the manifestations of mechanoelectric feedback in an ex-
perimental model of ventricular stretch [17]. At therapeutic
concentrations, this drug inhibits INaL but also exerts inhibi-
tory effects upon the delayed rectifier potassium current (IKr),
and likewise can inhibit the peak sodium current (INa) in atrial
myocytes—though this effect is weak in ventricular myocytes
[15, 16].

The triazolopyridine derivative 6-(4-(trifluoromethoxy)-
phenyl)-3-(trifluoromethyl)-[1, 2, 4] triazolo [4,3-a] pyridine
(GS967) has been defined as a preferential INaL blocker
[18–20] and its electrophysiological effects can be studied
without interference by additional blocking actions upon
IKr. The antiarrhythmic actions of GS967 have been described
in different experimental settings [18–23], though its effects
upon mechanoelectric feedback are not known. The present
study was carried out to establish whether this more selective
INaL blocker is also able to reduce the stretch-induced elec-
trophysiological modifications in a rabbit model which we
have used in previous studies [17] to demonstrate the attenu-
ation of these effects by the less selective INaL blocker
ranolazine.

Methods

Experimental Preparation

The present study was carried out in accordance with the
Guide for the Care and Use of Laboratory Animals as adopted
and promulgated by the US National Institutes of Health, and
the protocol was approved by the Animal Experimentation
Ethics Committee of our institution. New Zealand male rab-
bits weighing 3–3.5 kg were used. Following heparinization
and euthanasia with sodium pentobarbital (100 mg/kg, iv.) the
hearts were removed and connected to a Langendorff system
for the perfusion of Tyrode solution.

A customized device was used to induce mechanical
stretch of a circumscribed zone of the left ventricular free wall
(series 1 and 2), as described in previous publications of our

group [24, 25]. A multiple electrode composed of 121 unipo-
lar stainless steel electrodes was positioned in the epicardial
surface of the left ventricular free wall.

Recordings and pacing techniques were similar to those
used previously. Briefly, recordings were obtained with a car-
diac electrical activity mapping system (MAPTECH, Waalre,
the Netherlands), and electrograms were amplified with a gain
of 100–300, broadband (1–400 Hz) filtered, and multiplexed.
The sampling rate was 1 kHz. Pacing was performed using
bipolar epicardial electrodes located in the anterolateral left
ventricle free wall, adjacent to the multiple electrode (ventric-
ular pacing) and in the left atrial free wall (atrial pacing).
Stimuli were rectangular pulses of 2-ms duration and an in-
tensity twice the diastolic threshold.

In order to study atrial electrophysiology during stretch, a
catheter balloon introduced in the left atrium through a small
incision in the atrial appendage vertex was used in a third
series. To induce stretch, the balloon was filled with saline
until a 15% increment in the atrial wall longitudinal and hor-
izontal axes was achieved.

Experimental Series

In a first series (n = 12), the basic electrophysiological param-
eters obtained before, during, and after myocardial stretch
were successively determined under control conditions (step
1), under the action of increasing GS967 concentrations (0.03,
0.1, and 0.3 μM) (steps 2, 3 and 4), and after drug washout
(45 min) at the end of each experiment (step 5). GS967
(MedChem Express, NJ, USA) was administered as an infu-
sion and determinations under the action of the drug were
initiated 15 min after beginning the infusion or 15 min after
changing its concentration. In a second series (n = 10), the
ventricular fibrillation (VF) activation patterns before, during,
and after myocardial stretch were studied under control con-
ditions (step 1); under the same increasing GS967 concentra-
tions as before (steps 2, 3, and 4); and after drug washout (step
5). In the second series, VF was induced by epicardial pacing
in the left ventricle free wall at increasing frequencies from
4 Hz, maintaining coronary perfusion during the arrhythmia.
The average frequency able to induce VF was 12.4 ± 1.0 Hz.
The GS967 concentrations were within the range normally
used in experimental isolated rabbit heart studies [18, 19].
The electrophysiological determinations during stretch were
obtained in the moment of maximum stretch effect [24, 25]. In
a third experimental series (n = 6), we studied the effects of
GS967 at two concentrations (0.1 and 0.3 μM) upon the atrial
refractory periods (determined by the extrastimulus technique
with a basic cycle length of 250 ms) and on the inducibility of
atrial arrhythmias at high atrial pacing rates (10 2-s trains of
stimuli at 20 Hz) before, during, and after myocardial stretch.
The pacing threshold was determined for each GS967 concen-
tration, and the stimulus amplitude was twice the diastolic
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threshold. Recovery from the drug effect was also studied
after drug washout at the end of each experiment. In this
series, GS967 was also administered as an infusion, maintain-
ing each concentration constant throughout each step and
changing it 15 min before the electrophysiological tests.

Data Analysis

Basic Electrophysiological Parameters (Series 1)

Spontaneous cycle length (SCL), atrioventricular conduction
time (AVCT), atrial effective refractory periods (AERP), and
functional refractory periods (AFRP) obtained by the
extrastimulus technique during atrial pacing at a cycle length
of 250 ms were determined under control conditions, during
perfusion of GS967 at each concentration, and after drug
washout. Ventricular effective refractory periods (VERP)
and ventricular functional refractory periods (VFRP), conduc-
tion velocity (CV), and wavelength (WL) of the activation
process were also determined during ventricular epicardial
pacing at a cycle length of 250 ms. Ventricular refractoriness
was measured by the extrastimulus test using the pacing bipo-
lar electrode located in the epicardium of the anterolateral left
ventricle wall.

Conduction velocity was the ratio of the distance between
two electrodes positioned five interelectrode spaces apart in a
direction perpendicular to the isochrones and the difference
between their activation times (average of five determina-
tions). The wavelength of the ventricular activation process
was determined as the product of CVand VFRP.

Ventricular Fibrillation Analysis (Series 2)

The recordings obtained during the arrhythmia were subjected
to spectral analysis to determine the dominant frequency (DF)
and the spectral concentration (SpC), as previously described
[17, 24–26]. The mean of the consecutive activation intervals
during VF and the fifth percentile (P5th) were determined
during time windows of 2 s. P5th was determined considering
all recordings obtained with the epicardial multiple electrode.
Activation maps during VF were constructed as described in
previous studies [24, 25]. Each map was classified into three
categories based on its complexity: low (type I), comprising
single broad wavefronts without conduction block lines or
areas of slow conduction; intermediate (type II), consisting
of two wavefronts or one wavefront with areas of conduction
block lines or areas of slow conduction; and high (type III),
comprising three or more wavefronts or one wavefront with
areas of slow conduction and conduction block. The complex-
ity index (CI) of activation during VF (CIVF) was calculated
using the formula previously described [26]: CI = (number of
type I maps × 0.1 + number of type II maps × 1 + number of
type III maps × 2)/total number of activation maps.

Conduction velocity during VF (CVVF) was determined con-
sidering only those VF maps in which both the input and
output of wavefronts were identified at the edges of the acti-
vationmaps. The fifth percentile was used as a surrogate of the
functional refractory period during VF [24]. The product of
CVVF and P5th was considered as the wavelength of the
activation during VF (WLVF).

Statistical Analysis

Continuous variables are presented as means ± standard devi-
ation (SD). The general linear model was used to analyze the
differences in each series (differences within subjects, repeti-
tive measurements). Values of p < 0.05 were considered sta-
tistically significant. Differences between qualitative variables
were analyzed using the χ2 test. The multivariate analysis was
performed using a stepwise multiple linear regression model.
Data were analyzed using the SPSS version 22.0 statistical
package.

Results

Basic Electrophysiological Parameters (Series 1)

Table 1 shows SCL, AVCT, AFRP, and AERP obtained in
series 1 during pacing at a basic cycle length of 250 ms under
control conditions, during each GS967 concentration, and af-
ter drug washout. No statistically significant differences were
observed in SCL and AVCT. AFRP and AERP increased sig-
nificantly under GS967 perfusion at concentration 0.3 μM
(p < 0.05).

Figure 1 shows VERP and VFRP determined in each ex-
perimental step. On considering the values of VFRP and
VERP obtained before stretch, the differences were not statis-
tically significant for each GS967 concentration, though there
was a trend to increase VFRP at GS967 0.3 μM (p = 0.06).

Table 1 Spontaneous sinus cycle length and atrioventricular
conduction time (mean ± SD) obtained in experimental series 1 under
control conditions, at different GS967 concentrations and after drug
washout (n = 12)

SCL AVCT AFRP AERP

Control 319 ± 30 79 ± 9 112 ± 7 89 ± 11

GS967 0.03 μM 305 ± 45 78 ± 9 106 ± 12 86 ± 14

GS967 0.1 μM 297 ± 32 78 ± 10 118 ± 17 96 ± 16

GS967 0.3 μM 311 ± 36 82 ± 11 142 ± 17# 117 ± 24#

Washout 334 ± 53 77 ± 9 109 ± 11 92 ± 11

AERP = atrial effective refractory period (in ms), AFRP = atrial functional
refractory period (in ms), AVCT atrioventricular conduction time (in ms),
SCL spontaneous sinus cycle length (in ms)
# p < 0.05 differences with respect to control
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Before stretch, CV and WL likewise did not significantly
change at each GS967 concentration (Fig. 1).

The stretch-induced changes in the ventricular refractory
periods, CV, and WL are also shown in Fig. 1. Under control

conditions (step 1), VFRP and VERP decreased significantly
during stretch and returned to pre-stretch values after its sup-
pression. Under GS967 perfusion at 0.03, 0.1, and 0.3 μM
(steps 2–4), the stretch-induced variations of both parameters
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Fig. 1 Ventricular refractory
periods, conduction velocity, and
wavelength of the activation
(mean values ± standard
deviation) obtained before, during
and after stretch in each
experimental step in series 1 (n =
12). Abbreviations: CV =
conduction velocity, GS =
GS967, PRE = pre-stretch, POST
= post-stretch, STR = stretch,
VERP = ventricular effective
refractory period, VFRP =
ventricular functional refractory
period, WL = wavelength of the
activation, WST = drug washout.
Differences with respect to pre-
stretch: *p < 0.05; **p < 0.01.
Differences with respect to
control: #p < 0.05; ##p < 0.01
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were not statistically significant, and after drug washout (step
5), both parameters again significantly decreased under
stretch. During the stretch applied in step 4 (GS967
0.3 μM), both ventricular refractory periods were significantly
greater than during stretch applied under control conditions.
There were no statistically significant variations in CV during
stretch in each experimental step. With respect to WL, this
parameter decreased during stretch under control conditions,
but there were no significant changes during stretch in steps
2–4. After drug washout, WL again decreased significantly
under stretch. Under perfusion of GS967 0.3 μM, WL during
stretch was significantly greater than during stretch under con-
trol conditions. VERP, VFRP, CV, and WL after stretch sup-
pression showed no significant differences versus the pre-
stretch values in all the experimental steps.

Ventricular Activation during VF (Series 2)

Dominant frequency, SpC, and P5th determined before stretch
in each experimental step showed no statistically significant
variations under the different GS967 concentrations (Fig. 2).
The fifth percentile showed a trend to increase under the per-
fusion of GS967 0.3 μM (p = 0.06). Both CVVF and WLVF
determined before stretch likewise showed no statistically sig-
nificant variations under the different GS967 concentrations
(control: CVVF = 53.2 ± 5.5 cm/s, WLVF = 2.3 ± 0.5 cm;
GS967 0.03 μM: CVVF = 53.1 ± 9.7 cm/s, WLVF = 2.1 ±
0.5 cm; GS967 0.1 μM: CVVF = 53.6 ± 8.6 cm/s, WLVF =
2.3 ± 0.6 cm; GS967 0.3 μM: CVVF = 51.3 ± 8.0 cm/s,
WLVF = 2.5 ± 0.2 cm). On analyzing the map type percent-
ages during VF, no significant variations were observed under
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Fig. 2 Dominant frequency,
spectral concentration and fifth
percentile of the activation
intervals during ventricular
fibrillation (mean values ±
standard deviation) obtained
before, during and after stretch in
each experimental step in series 2
(n = 10). Abbreviations: DF =
dominant frequency, GS =
GS967, P5th = fifth percentile of
the activation intervals during
ventricular fibrillation, PRE =
pre-stretch, POST = post-stretch,
SpC = spectral concentration,
STR = stretch, WST = drug
washout. Differences with respect
to pre-stretch: *p < 0.05;
**p < 0.01; ***p < 0.001.
Differences with respect to
control: #p < 0.05; ##p < 0.01
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the perfusion of GS967 at the different concentrations, before
stretch.

The stretch-induced changes in ventricular activation dur-
ing VF are also shown in Fig. 2. Under control conditions,
myocardial stretch induced a significant increase in DF and a
significant decrease in SpC and P5th. These parameters
returned to pre-stretch values after stretch suppression.
Under the perfusion of GS967, the increase in DF was also
significant for each GS967 concentration, but the magnitude
of the stretch-induced DF increment was significantly smaller
at GS967 concentration 0.3 μM (Fig. 3), and the DF values
obtained during stretch at this GS967 concentration were sig-
nificantly lower than the DF values obtained during stretch
under control conditions. After drug washout, the stretch-

induced changes in DF were similar to those obtained under
control conditions. With respect to SpC, this parameter did not
show statistically significant stretch-induced variations during
GS967 perfusion at concentrations of 0.1 and 0.3 μM, and the
same results were obtained on considering P5th during GS967
0.3-μM perfusion. The stretch-induced decrements of both
parameters diminished progressively on increasing GS967
concentration (Fig. 3), and the values corresponding to SpC
and P5th obtained during stretch at GS967 concentration
0.3 μM were significantly greater than during stretch under
control conditions (Fig. 2). There were no statistically signif-
icant variations in CVVF during stretch (control: 55.7 ±
9.8 cm/s, ns; GS967 0.03 μM: 53.7 ± 6.9 cm/s, ns; GS967
0.1 μM: 53.8 ± 7.6 cm/s, ns; GS967 0.3 μM: 55.1 ±

Fig. 3 Stretch-induced variations
in dominant frequency, spectral
concentration, and fifth percentile
of the activation intervals during
ventricular fibrillation obtained
under control conditions and
during GS967 perfusion at
different concentrations (n = 10).
Abbreviations: DF = dominant
frequency during ventricular
fibrillation, GS = GS967, P5th =
fifth percentile of the activation
intervals during ventricular
fibrillation, SpC = spectral
concentration, WST = drug
washout. Differences with respect
to control: #p < 0.05; ##p < 0.01
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10.2 cm/s, ns). With respect to WLVF, this parameter de-
creased during stretch under control conditions (1.7 ±
0.3 cm, p < 0.001) and also under GS967 0.03 μM (1.7 ±
0.2 cm, p < 0.05) and GS967 0.1 μM (1.9 ± 0.4 cm,
p < 0.05), but there were no significant changes during stretch
under GS967 0.3 μM (2.5 ± 0.5 cm, ns). Under GS967
0.3 μM, WLVF during stretch was significantly greater
(p < 0.05) than during stretch under control conditions. In
turn, DF, SpC, P5th, CVVF, and WLVF after stretch suppres-
sion showed no significant differences with respect to the pre-
stretch values.

With regard to arrhythmia complexity evaluated by an-
alyzing the percentages of map types (Fig. 4), the signifi-
cant stretch-induced variations seen under control condi-
tions were also observed at GS967 concentrations of 0.03
and 0.1 μM, but there were no significant stretch-induced
variations under GS967 0.3 μM. Thus, under GS967
0.3 μM, the percentages of the more complex activation
maps (type III) were similar during stretch (19%) and dur-
ing the pre-stretch determinations (17%). The same oc-
curred with the type II activation maps (stretch = 62%,
pre-stretch = 60%) and with the less complex type I maps
(stretch = 19%, pre-stretch = 23%), while under control
conditions, stretch produced a clear increment of the more
complex type III activation maps (stretch = 59%, pre-
stretch = 18%) and a decrease of the type II (stretch =
32%, pre-stretch = 63%) and type I maps (stretch = 9%,
pre-stretch = 19%).

Figure 5 shows CIVF determined before, during, and after
myocardial stretch. During stretch, there was a significant in-
crease in this index both under control conditions and under
GS967 0.03 and 0.1 μM, but not under GS967 0.3 μM. The
values of this index obtained during stretch under GS967
0.1 μM (1.2 ± 0.3, p < 0.05) and 0.3 μM (1.0 ± 0.2,
p < 0.01) were significantly lower than during stretch under
control conditions (1.5 ± 0.3). There was a significant

decrease in the stretch-induced effects on arrhythmia com-
plexity upon incrementing the drug concentration (Fig. 5).

The regression coefficients obtained on relating CIVF to
DF (r = 0.624), P5th (r = − 0.406), and WLVF (r = − 0.470)
were significant (p < 0.0001) (Fig. 6). In turn, DF was signif-
icantly correlated to P5th (r = − 0.783, p < 0.0001) andWLVF
(r = − 0.724, p < 0.0001) (Fig. 7). The multiple linear regres-
sion analysis entering CIVF as a dependent variable identified
DF as an independent variable.

Atrial Electrophysiology during Stretch (Series 3)

Figure 8 shows atrial refractory periods determined in
series 3 under control conditions, during each GS967 con-
centration, and after drug washout. Before stretch, differ-
ences were statistically significant at GS967 0.3-μM con-
centration (AERP: control = 84 ± 12 ms; GS967
0 .1 μM = 96 ± 16 ms (n s ) ; GS967 0 .3 μM =
100 ± 14 ms (p < 0.05); washout: 90 ± 10 ms (ns);
AFRP: control = 108 ± 12 ms; GS967 0.1 μM =
113 ± 20 ms (ns); GS967 0.3 μM= 124 ± 20 ms (p =
0.08); washout: 110 ± 13 ms (ns). The stretch-induced
changes during control consisted of a significant decrease
in AERP (77 ± 10 ms, p < 0.002) and AFRP (95 ± 9 ms,
p < 0.02). During the perfusion of GS967 0.1 μM, AERP
significantly decreased under stretch (89 ± 16 ms,
p < 0.05), and the stretch-induced variations in AFRP
were not statistically significant (stretch = 113 ± 20 ms,
ns). The same occurred with both parameters during the
perfusion of GS967 0.3 μM (stretch = AERP 112 ± 27 ms,
ns; AFRP 138 ± 26 ms, ns). After drug washout, both
atrial refractory periods again significantly decreased un-
der stretch. Thus, GS967 0.3 μM diminished the normal
stretch-induced changes resulting in longer (less short-
ened) atrial refractoriness (AERP: 112 ± 27 ms vs

Fig. 4 Percentages of activation
maps, classified according to their
complexity (types I–III) obtained
before, during, and after stretch
under control conditions and
during GS967 perfusion at
different concentrations (n = 10).
Abbreviations: GS =GS967, PRE
= pre-stretch, POST = post-
stretch, STR = stretch.
Differences with respect to pre-
stretch: *p < 0.05; ***p < 0.001.
Differences with respect to
control: ##p < 0.01; ###p < 0.001

Cardiovasc Drugs Ther (2018) 32:413–425 419



77 ± 10 ms; p < 0.05 and AFRP: 138 ± 26 ms vs
95 ±9 ms; p < 0.01).

On studying atrial arrhythmia inducibility, the number of
experiments in which an episode of more than 30 consecutive
atrial repetitive responses was induced by the high-frequency
stimuli trains were the following: (a) control: pre-stretch = 1,
during stretch = 4, post-stretch = 0 (p < 0.05); (b) GS967
0.1 μM: pre-stretch = 0, during stretch = 2, post-stretch = 0
(ns); (c) GS967 0.3 μM: pre-stretch = 0, during stretch = 1,
post-stretch = 0 (ns); and (d) washout: pre-stretch = 1, during

stretch = 3, and post-stretch = 1 (ns). Thus, atrial stretch-
induced arrhythmias were reduced under GS967 perfusion.

Discussion

The main findings of this study are that the stretch-induced
modifications in cardiac electrophysiology are attenuated by
the preferential INaL blocker GS967 (Fig. 9).

Fig. 5 Left: consecutive activation maps obtained in an experiment of
series 2 during stretch applied under control conditions and under GS967
0.03 μM perfusion. More complex activation maps are observed during
stretch under control conditions, with different simultaneous wavefronts
and conduction block lines. Right, top: complexity index of ventricular
fibrillation (mean values ±standard deviation) obtained before, during,
and after stretch under control conditions and during GS967 perfusion

at different concentrations (n = 10). Right, bottom: stretch-induced incre-
ments in ventricular fibrillation complexity index obtained under control
conditions and during GS967 perfusion at different concentrations (n =
10). Abbreviations: CIVF = ventricular fibrillation complexity index, GS
= GS967, PRE = pre-stretch, POST = post-stretch, STR = stretch.
Differences with respect to pre-stretch: **p < 0.01; ***p < 0.001.
Differences with respect to control: #p < 0.05; ##p < 0.01
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Fig. 6 Regression lines obtained
on relating the complexity index
during ventricular fibrillation to
dominant frequency during
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fifth percentile of the activation
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fibrillation (P5th), wavelength
during ventricular fibrillation
(WL), and conduction velocity
during ventricular fibrillation
(CV)
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Effects of GS967 on Basic Electrophysiological
Parameters

The effects of GS967 on cardiac electrophysiology have been
studied in different experimental settings [18, 19]. No changes
in PR interval or QRS duration have been observed in isolated
rabbit hearts or in anesthetized rabbits [18] and pigs [21, 23].
A decrease in Vmax and an increase in atrial but not ventric-
ular refractoriness have been described in canine ventricular
and atrial preparations [27]. In our study, we recorded no
significant variations in SCL, AVCT, VFRP, or VERP, though
significant increases in AFRP and AERP were obtained, in
concordance with the findings of other studies [27]. Likewise,

indirect data from other publications on the effects of GS967
upon conduction velocity at ventricular level, obtained
through the analysis of parameters such as QRS duration,
are consistent with those found in our study on directly mea-
suring conduction velocity at ventricular epicardial level—no
significant variations in this parameter being observed [18, 21,
23].

Effects of GS967 on Baseline VF Characteristics

Myocardial activation during VF is complex [28–30]. Under
the action of ranolazine, a slowing effect on myocardial acti-
vation frequency during VF has been observed [17]. This
effect is probably associated to the increase in post-
repolarization refractoriness produced by the drug. In previous
studies [17, 29], DF has shown an inverse correlation to the
electrophysiological parameters related to ventricular refrac-
toriness. In the present study, in the determinations made be-
fore stretch at each of the GS967 concentrations, we observed
no significant variations in DF or in P5th, CVVF, or WLVF.
With regard to the characteristics of myocardial activation
during the arrhythmia, the determinations made in our study
before stretch under the action of GS967 revealed no signifi-
cant variations in the related parameters, i.e., the percentages
of activation map types, CIVF, or SpC.

It has been reported that the effects of GS967 upon peak
INa are minimal at drug concentrations (10 μM) far higher
than those used in our study, in the same way as the effects
upon IKr [18]. However, it has been reported that although
GS967 is a preferential inhibitor of INaL, it also enhances
slow inactivation and slows recovery from inactivation,
resulting in a substantial use-dependent block of peak INa
[31]. Thus, GS967 also causes a reduction of peak INa in a
frequency-dependent manner (IC50 values between 70 and
100 nM, depending on the stimulation frequency). This effect
has been related to the high-affinity binding of GS967 to
Nav1.5-inactivated states [31]. However, in our study, we ob-
served no significant variations in CVeither during ventricular
pacing at a constant cycle length or during VF, when the use-
dependent block of peak INa should have been more evident.

Modification of the Electrophysiological Effects
of Stretch by GS967

The VF modifications induced by local stretch consist of an
increase in activation frequency and VF complexity that
reaches a maximum 3 min after the start of stretch and then
slowly diminishes [17, 24, 25, 32]. These changes are related
to a shortening of refractoriness and the wavelength of the
activation process during the arrhythmia [17, 24, 29].

In different experimental models, acute mechanical stretch
applied to the atrial or ventricular myocardium caused a short-
ening of refractoriness and action potential duration [33–35].
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Several mechanisms have been related to the modifications in
myocardial electrophysiology produced by stretch [7, 36–41]:
(a) opening of stretch-sensitive channels (K+ selective and
cation non-selective channels) that modify Ca2+ and Na+
influx to the myocytes; (b) activation of the reverse mode of
the Na+/Ca2+ exchanger to extrude the increasing intracellu-
lar Na+; (c) mechanosensitivity of voltage-gated potassium,
calcium, and sodium channels such as Nav1.5, Kv1.5, Kir 2,

KATP, or L-type calcium channels; (d) activation of Na+/H+
exchanger increasing Na+ influx; (e) increased sarcoplasmic
reticulum Ca2+ release; (f) stretch-induced increases in out-
ward currents related to the gradual activation of large con-
ductance Ca2+-activated potassium channels in response to
the increase in intracellular Ca2+ concentration; (g) modula-
tion of other Ca2+-dependent ion channels such as ICaL and
stretch activated channels; and (h) activation of CaMKII by
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Ca2+ that phosphorylates the sodium channels, increasing
Na+ influx and facilitating more Ca2+ influx. The increased
activity of CaMKII is also related to the modifications in re-
dox state produced by stretch and also activates INaL.

The modifications in action potential shape and duration
are the result of the net balance between the stretch-induced
K+ efflux and the Na+ and Ca2+ movements through the
cellular membrane. Potassium channel opening favors hyper-
polarization and shortens action potential duration and refrac-
tory periods, while activation of cation non-selective channels
depolarizes and prolongs repolarization—though species dif-
ferences exist and the Ca2+ increase may occur locally in
specific sub-sarcolemmal spaces [41, 42].

On the other hand, shortening of action potential duration
on increasing frequency has been related to increased intracel-
lular Na+ accumulation. The increased intracellular Na+ en-
hances outward current through the Na+/K+ pump and the
reverse mode of the Na+/Ca2+ exchanger. Activation of the
Na+/K+ pump shortens action potential duration, and the rise
in intracellular Ca2+ also favors Ca2+ release from the sarco-
plasmic reticulum. Furthermore, Ca2+ stimulation of CaMKII
(through stimulation of protein kinase C) and Ca2+ modula-
tion of outward K+ currents (potentiation) and ICaL
(inhibition) contribute to action potential modifications, since
the inactivation of ICaL determines action potential shorten-
ing. Additionally, protein kinase C activation inhibits the
slowly inactivating Na+ current, thus contributing to shorten-
ing of the action potential.

In the present study, the results observed in step 1 (control)
of series 2 also showed the stretch-induced increase in DF and
in CIVF, as well as the shortening of P5th,WLVF, and SpC that
indicate more disorganized activation during the arrhythmia.
The direct measurement of refractoriness obtained in series 1
and 3 also showed the stretch-induced shortening of ventricular
and atrial refractoriness. On using the same experimental mod-
el, we observed that the stretch-induced changes were attenu-
ated under the action of the less selective INaL blocker
ranolazine [17]. Accordingly, the DF increments, the reduction
in P5th andWLVF, and the increments in arrhythmia complex-
ity under stretch were smaller than under control conditions. In
the present study, the more selective INaL blocker GS967 also
attenuated the stretch-induced effects on VF activation patterns
and on ventricular and atrial refractoriness.

The late sodium current is small in the heart under physio-
logical conditions, its activity is reduced at rapid activation
rate and its contribution in the total inward charge is reduced
[43–46]. Several mechanisms could be implicated in the at-
tenuation of the stretch-induced effects under GS967. Asmen-
tioned previously, stretch increases cytosolic Na+ and Ca2+
[1–3, 20, 47]. The increase in Na+ and Ca2+ inflow into the
cells [2, 3] also modifies the redox state. Both the stretch-
induced increase in intracellular Ca2+ and the increased pro-
duction of ROS enhance INaL [8, 11, 14]. GS967 exerts

inhibitory action upon INaL [18–20] and this action may reg-
ulate the stretch-induced increase in Na+ inflow, the activation
of the reverse mode of the Na+/Ca2+ exchanger, and the sub-
sequent increase in intracellular Ca2+ that also activates INaL
[14]. Similar effects on the stretch-induced modifications of
mechanoelectric feedback have been described on modifying
Na+ and Ca2+ homeostasis through inhibition of the Na+/
Ca2+ exchanger [25] or the Na+/H+ exchanger [32]. On the
other hand, the slope of the action potential duration restitu-
tion curve is modified by calcium overload [48], and this
effect could be modified by the regulatory effects of GS967
on the slope of the action potential duration (APD) restitution
curve and APD dispersion [30]. Another mechanism could be
the inhibition of peak INa at rapid activation rates, although as
mentioned before, conduction velocity during VF was not
significantly modified by GS967.

Clinical Implications

Mechanical stretch has been implicated as an arrhythmogenic
factor in several situations such as atrial or ventricular over-
load, dyssynchronic ventricular contraction or ischemia, since
it favors heterogeneity of several electrophysiological param-
eters and facilitates the induction and maintenance of cardiac
arrhythmias [7, 49]. The present study contributes information
on the reduction of the arrhythmogenic effects of stretch under
the action of the preferential INaL inhibitor GS967, and sug-
gests a possible protective role of the selective inhibition of
INaL in this context. There are experimental data supporting
the antiarrhythmic effects of specific blockers or modifiers of
late sodium current [11, 12, 15, 18–23, 30, 49, 50] in different
contexts characterized by a pathological rise of INaL such as
oxidative stress, myocardial ischemia, heart failure, and spe-
cific channel disorders in which the increase in INaL promotes
focal and reentrant arrhythmias. There are nonspecific
blockers of INaL such as flecainide or mexiletine, the actions
of which include modifications in other ionic currents or also
in the peak sodium current, and for these reasons they may
also act as proarrhythmic agents. The development of more
specific blockers of INaL such as GS967, eleclazine
(GS6615), the mexiletine analogs HBRI21 and HBRI23,
and ranolazine has afforded evidence of the antiarrhythmic
actions of INaL inhibition. In the clinical setting, studies with
the antianginal drug ranolazine have yielded evidence of its
antiarrhythmic effects [51–54]. This drug is a partially selec-
tive INaL blocker, though it also exerts a blocking action on
the delayed rectifier potassium current IKr and on the peak
sodium current. Ranolazine is effective in the suppression of
ventricular and atrial arrhythmias [51–53]. In this regard, it
has been reported to decrease non-sustained ventricular tachy-
cardias and atrial fibrillation in non-ST segment elevation
acute coronary syndrome patients and in patients with atrial
fibrillation. A meta-analysis of randomized clinical trials on
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the role of ranolazine suggests that the latter may be effective
in the prevention of this arrhythmia and in conversion to sinus
rhythm [54].

Limitations

The results of this study have been obtained in the described
experimental model using isolated and perfused rabbit hearts,
and in this regard, the possible existence of interspecies dif-
ferences must be taken into account. Furthermore, the effects
of stretch can give rise to different manifestations in chronic
preparations and in in situ heart preparations. These circum-
stances also must be taken into account on analyzing the re-
sults of our study.

On the other hand, conduction velocity determination on the
epicardial surface presents several limitations due to the three-
dimensional activation of the ventricles. Intramural conduction
may be present, and thus the conduction timemight not reliably
estimate the real conduction pathway of the impulse, especially
during ventricular fibrillation. In order to reduce these limita-
tions, conduction velocity was calculated considering those
activation maps in which both the input and output of
wavefronts were identified at the edges of the mapped zone.

Conclusion

In the experimental model used, the preferential late inward
Na+ current inhibitor GS967 attenuates stretch-induced vari-
ations in ventricular and atrial refractoriness, in ventricular
fibrillation activation patterns and in atrial arrhythmias
inducibility.
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