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ORIGINAL RESEARCH

Rotigaptide Infusion for the First 7 Days 
After Myocardial Infarction–Reperfusion 
Reduced Late Complexity of Myocardial 
Architecture of the Healing Border-Zone and 
Arrhythmia Inducibility
Rasheda A. Chowdhury , PhD; Michael T. Debney, MBBS, PhD; Andrea Protti, PhD; Balvinder S. Handa , MBBS; 
Kiran H. K. Patel, MBBS; Alexander R. Lyon, BM BCh, PhD; Ajay M. Shah , MB BCh; Fu Siong Ng , MBBS, PhD; 
Nicholas S. Peters , MBBS, MD

BACKGROUND: Survivors of myocardial infarction are at increased risk of late ventricular arrhythmias, with infarct size and scar 
heterogeneity being key determinants of arrhythmic risk. Gap junctions facilitate the passage of small ions and morphogenic 
cell signaling between myocytes. We hypothesized that gap junctions enhancement during infarction–reperfusion modulates 
structural and electrophysiological remodeling and reduces late arrhythmogenesis.

METHODS AND RESULTS: Infarction–reperfusion surgery was carried out in male Sprague-Dawley rats followed by 7 days of 
rotigaptide or saline administration. The in vivo and ex vivo arrhythmogenicity was characterized by programmed electrical 
stimulation 3 weeks later, followed by diffusion-weighted magnetic resonance imaging and Masson’s trichrome histology. 
Three weeks after 7-day postinfarction administration of rotigaptide, ventricular tachycardia/ventricular fibrillation was induced 
on programmed electrical stimulation in 20% and 53% of rats, respectively (rotigaptide versus control), resulting in reduction 
of arrhythmia score (3.2 versus 1.4, P=0.018), associated with the reduced magnetic resonance imaging parameters fractional 
anisotropy (fractional anisotropy: −5% versus −15%; P=0.062) and mean diffusivity (mean diffusivity: 2% versus 6%, P=0.042), 
and remodeling of the 3-dimensional laminar structure of the infarct border zone with reduction of the mean (16° versus 19°, 
P=0.013) and the dispersion (9° versus 12°, P=0.015) of the myofiber transverse angle. There was no change in ECG features, 
spontaneous arrhythmias, or mortality.

CONCLUSIONS: Enhancement of gap junctions function by rotigaptide administered during the early healing phase in reperfused 
infarction reduces later complexity of infarct scar morphology and programmed electrical stimulation–induced arrhythmias, 
and merits further exploration as a feasible and practicable intervention in the acute myocardial infarction management to 
reduce late arrhythmic risk.
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Survivors of myocardial infarction (MI) are at high 
risk of sudden cardiac death because of the el-
evated long-term incidence of fatal ventricular 

arrhythmias including ventricular tachycardia (VT) and 

ventricular fibrillation (VF).1 In the late, healed phase of 
MI, the presence of scar and a disorganized interface 
between normal and infarcted myocardium, the infarct 
border zone (IBZ), provide the conditions necessary 
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to initiate and sustain ventricular arrhythmias.2 Infarct 
size3,4 and the extent of the peri-infarct, heterogeneous 
IBZ5 are both independent predictors of the incidence 
of VT and VF.

Current strategies to reduce the incidence6,7 of VT/
VF and prevent sudden cardiac death include long-
term anti-arrhythmic drugs8 that have limited efficacy, 
such that cardioverter-defibrillators9 are widely im-
planted to treat, rather than prevent, VT and VF with 
significant procedural and device complications and 
high financial costs.10

Electrophysiological remodeling occurs during 
ischemia–reperfusion and increases arrhythmia suc-
ceptibility.11 Cardiac gap junctions (GJ) have an im-
portant role in the safe spread of electrical activity in 
normal myocardium12 and we have previously shown 
that not only is GJ remodeling arrhythmogenic be-
cause of the effects on conduction promoting re-
entry in animal models of infarction,13,14 but distinct 
from this, we have also shown that gap-junctional 
coupling at the time of infarction also has a role in 
modeling the architecture of the late healed IBZ,15 
likely because of the acute effects of the passage 
of ions and small molecules that mediate cell death 
or survival.16 Furthermore, the opposing “kiss-of-life” 

and “kiss-of-death” hypotheses, referring to the in-
tracellular spread of either cell-survival or apoptotic 
signals, respectively, suggest that the degree of pas-
sage of signaling factors via open GJ channels be-
tween adjacent myocytes determines the eventual 
extent of cellular injury.17

Administration of pharmacological agents that en-
hance GJ coupling (eg, rotigaptide,18 danegaptide19) in 
the early (<4  hour) phase post-MI20,21 in large-animal 
models have consistently demonstrated an acute anti-
arrhythmic effect as a result of enhanced conduction 
during ischemia. This is thought to occur via the sup-
pression of dephosphorylation of the GJ protein con-
nexin43 at Ser297 and Ser368 following 30  minutes 
ischemia.22 Because of the ability of gap junctional 
channels to allow the passage of apoptotic signals, in 
addition to small ions, their role in the spread of infarction 
has been queried.17 Rotigaptide has not been shown to 
attenuate ischemia-induced connexin43 lateralization.15

In the rodent chronic MI model, rotigaptide ad-
ministered peri-MI also resulted in a small reduction 
in infarct size measured in the late phase (3 weeks) 
post-MI.23 However, any reduction in infarct size in 
this and other studies is minimal (<10%), thereby 
having negligible potential to modulate tissue me-
chanics and improve left ventricular (LV) function. 
Given that arrhythmogenesis of the healed border 
zone depends on tissue microarchitecture, any ef-
fect at the microstructural level may profoundly affect 
arrhythmogenesis—the concept underpinning this 
hypothesis requiring the detailed histomorphometry 
and in vivo magnetic resonance imaging (MRI) of the 
myocardium as presented in this study.

Remodeling of the infarct region post-MI has been 
characterized with diffusion MRI (specifically diffusion 
tensor imaging) in a range of experimental24,25 and clin-
ical26,27 studies. The majority have shown fractional 
anisotropy (FA) to decrease (ie, fiber architecture be-
comes more disordered and less anisotropic) both 
adjacent to and in infarcted regions, associated with 
an increase in mean diffusivity (MD) 24,26,28 attributed 
to cell necrosis, edema, and loss of cellularity. The in-
fluence of rotigaptide on fiber architecture remodeling 
has not previously been studied.

We, therefore, hypothesized that early enhance-
ment of GJ coupling during infarction–reperfusion 
modulates subsequent infarct healing by reduc-
ing structural heterogeneity of the border zone, re-
sulting in a myocardial substrate less prone to late 
arrhythmogenesis.

METHODS
Methods are described briefly here with extended 
methods available in Data S1. The data that support 

CLINICAL PERSPECTIVE

What Is New?
•	 Early gap junction enhancement reduces late 

complexity of infarct scar.
•	 These changes can be identified using mag-

netic resonance indices.

What Are the Clinical Implications?
•	 There is a potential therapeutic value of roti-

gaptide treatment alongside reperfusion strat-
egies in acute management of postmyocardial 
infarction.

Nonstandard Abbreviations and Acronyms

CL	 cycle length
CON	 control group
FA	 fractional anisotropy
GJ	 gap junction
HA	 helix angle
MD	 mean diffusivity
ROT	 rotigaptide group
S1S2	 extrastimulus provocation protocol
SHAM	 sham group
TA	 transverse angle
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the findings of this study are available from the corre-
sponding author upon reasonable request.

Animal Studies
All animal procedures were performed in accord-
ance with the standards set out in the UK Animals 
(Scientific Procedures) Act 1986 and EU 2012 with 
appropriate Home Office permissions and local ethi-
cal review board approval. Thirty-seven male Sprague 
Dawley rats (weight 250–350  g) underwent myocar-
dial infarction–reperfusion surgery29 (60  minutes of 
left anterior descending artery occlusion) before being 
studied at 4 weeks recovery. Animals were randomly 
divided into 2 groups at the time of MI surgery: a con-
trol group (CON) that received phosphate-buffered 
saline and a treatment group that received the GJ-
enhancing drug rotigaptide (ROT). Drug dosing con-
sisted of an initial intraperitoneal bolus at 15 minutes 
post-MI (ROT dose 2.5  mol/kg, phosphate-buffered 
saline dose 1 mL) followed by 7 days of administration 
via osmotic minipump (Pump 2ML1, Azlet) implanted 
into the abdominal cavity (rotigaptide rate 0.11 nmol/
kg per day,23 phosphate-buffered saline rate 2 mL/wk). 
Five sham-ligated (SHAM) animals acted as non-MI, 
nondrug controls.

In Vivo Electrophysiological Studies
The incidence of spontaneous arrhythmias (ventricu-
lar premature beats, VT, and VF) was recorded using 
a wireless ECG telemetry transmitter (CA-F40, Data 
Sciences International) implanted into the abdominal 
cavity. Arrhythmias were quantified over a 24-hour pe-
riod at 4 weeks post-MI and a composite arrhythmia 
score was calculated.30 Resting ECG intervals (RR, PR, 
QRS, and QTc31) were measured at 4 weeks post-MI 
by recording a resting 6-lead ECG with animals under 
light general anesthesia.

Ex Vivo Electrophysiological Studies
At 4  weeks post-MI, hearts were explanted and 
Langendorff perfused with oxygenated Krebs-
Henseleit buffer.32 Susceptibility to programmed ar-
rhythmias was tested by performing an extrastimulus 
provocation protocol (S1S2)33 with the incidence of 
induced arrhythmias recorded and a validated ar-
rhythmia score calculated.34 Briefly, hearts were sub-
ject to an S1S2 extrastimuli provocation protocol with 
a drivetrain of 10  beats (S1) at a cycle length (CL) 
of 120  ms followed by introduction of a premature 
extra stimulus (S2) at a shorter CL. This shorter CL 
started at 100  ms and decremented by 2  ms until 
the heart was refractory and failed to capture. If the 
heart remained in sinus rhythm at the end of the 
S1S2 protocol, an S1S2S3 protocol was performed 

with a drivetrain of 10 beats (S1) at a CL of 120 ms, a 
fixed interval premature S2 stimuli at 100 ms, then a 
variable premature S3 stimuli starting at 80 ms and 
decremented by 2 ms until the heart was refractory. 
ECG and pacing data were recorded continuously for 
offline analysis.

Dual optical mapping of voltage and calcium tran-
sients was performed on the epicardial surface35 at a 
baseline pacing CL of 150 ms and conduction velocity, 
upstroke kinetics (time of maximum change in fluores-
cence, rise time), action potential, and calcium tran-
sient duration (at 50%, 75%, and 90% repolarization) 
calculated as previously described.36

Infarct Size Quantification
Following optical mapping, hearts were perfusion fixed 
with 10% Formalin and sectioned at 1-mm spacing en-
compassing the entire LV (10–14 sections per heart) 
before Masson’s trichrome staining to delineate infarct 
from normal myocardium and to allow area-based 
planimetric quantification of infarct size.

Diffusion Tensor Imaging
After completion of ex vivo studies, hearts were re-
moved from the Langendorff perfusion apparatus 
and the aorta was recannulated with a 1.2-mm stain-
less steel cannula. Hearts were first perfused with a 
heparinized, high K+ KHB solution (20 mmol/L of K+) 
to arrest the heart in end-diastole before being at-
tached to a 50-mL syringe pump (VWI International, 
UK), containing 10% neutral buffered formalin. The 
heart was perfusion fixed with 10% neutral buffered 
formalin at a rate of 10 mL/min for 10 minutes (total 
volume 100  mL) before storage in a 20-mL univer-
sal tube (VWR International Ltd, UK) of 10% neutral 
buffered formalin to allow for immersion fixation. The 
atria were removed using a razor blade to form a flat 
surface in the short-axis plane for spatial reference. 
Fixation was commenced within 2  minutes of ces-
sation of perfusion so as to minimize the effective 
postmortem interval time.

Diffusion tensor imaging was performed using a 
7.0T MRI system (Agilent, Palo Alto, CA) with 100 G/cm 
gradients running VNMRJ 3.2 with a 33-mm quadra-
ture RF coil. A diffusion-sensitized fast-spin echo se-
quence was used to acquire diffusion-weighted data in 
6 directions (Jones 6 diffusion37 scheme at a b-value 
of 1000 s/mm2 with a total of 6 spatial averages). Data 
were reconstructed offline using validated software 
(Diffusion Toolkit38) to fit the diffusion tensor and ex-
tract 2 measures of tissue architecture: FA and MD. 
Helix (HA) and transverse angles (TA) were calculated 
from the orientation of the primary eigenvector as pre-
viously described.39
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FA is a measure of tissue anisotropy and is a nor-
malized, scalar measure of the degree of anisotropy 
within a voxel. MD is a measure of the overall diffusivity 
of a voxel, independent of anisotropy, and is affected 
by cellular size and integrity. HA and TA are eigenvec-
tors that define the diffusion ellipsoid profile for each 
voxel. HA was defined as the angle subtended be-
tween (1) the projection of the primary eigenvector onto 
the tangential plane and (2) the transverse plane. TA 
was defined as the angle subtended between the pro-
jection of the primary eigenvector onto the transverse 
plane and the tangential plane.

Data Analysis and Statistical Analysis
ANOVA tests were used to compare means between 
multiple groups with post hoc Tukey test if ANOVA 
was significant. Student t tests were used to compare 
means between 2 groups. The assumption of normal-
ity underlying both ANOVA and t tests was reason-
able for the outcomes being examined. A P value of 
<0.05 was considered significant. All values are pre-
sented as rotigaptide versus control mean±SEM un-
less otherwise stated. The statistical software used 
was GraphPad Prism v5.

RESULTS
Survival and Weight
Survival to end of study-protocol (28 days) was similar 
in both treatment groups (15/18 versus 15/19, ns). Body 

weight at end of study-protocol was equal between 
groups (421±33 g versus 414±14 g, ns) with no differ-
ence in weight gain over the study period (158±8 g ver-
sus 151±8 g, ns).

Rotigaptide Reduces Arrhythmogenicity 
in Reperfused Infarcted Myocardium After 
Programmed Stimulation
Sixty minutes of infarction followed by reperfusion in-
creased the incidence of spontaneous ventricular 
arrhythmias measured in the late, healed phase of in-
farction (number of ventricular premature beats/d CON 
[n=15] 1866±1513 versus SHAM [n=5] 4±1, P<0.001). 
Administration of rotigaptide before reperfusion and for 
the first week post-MI did not reduce the incidence of 
spontaneous ventricular premature beats (ROT [n=15] 
1736±630, ns), nor did rotigaptide reduce the 24-hour 
composite arrhythmia score (2.6±0.3 versus 2.0±0.2, 
ns, Figure 1). Resting 6-lead ECG parameters (PR, QRS, 
RR, QTc intervals) measured in the late, healed phase of 
infarction were similar across all groups (Table 1).

Rotigaptide treatment had a significant anti-
arrhythmic effect in reducing the susceptibility to ex 
vivo programmed stimulation (arrhythmia score 1.4±0.4 
versus 3.2±0.6, P=0.018), driven by a reduction in the 
inducibility of sustained VT/VF (proportionally 20% ver-
sus 53% in each group, Figure 2). No arrhythmias were 
inducible in sham-operated animals. Optical record-
ings showed CLs of <100 ms and a variety of action 
potential morphologies (Figure 3).

Figure 1.  Incidence of spontaneous ventricular arrhythmias recorded at the end of the healed phase (day 28) post-
myocardial infarction (MI) surgery.
A, Number of ventricular premature beats (VPB) occurring during 24-hour period. B, Composite arrhythmia score including VPB, 
ventricular tachycardia, and ventricular fibrillation occurring during 24-hour period. Sham=sham-operated (n=5), MI+CON=control 
(n=15), MI+ROT=rotigaptide (n=15). I/R indicates infarction/reperfusion; ns, not significant; and PBS, phosphate-buffered saline. 
*P<0.05.
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Rotigaptide Did Not Alter Conduction 
Velocities, Action Potential, or Calcium 
Transient Kinetics in Reperfused Infarcted 
Myocardium
Conduction velocities (CV) in remote myocardium of 
CON hearts were significantly lower compared with 
sham-operated (CON [n=12] 62.5±2.6  cm/s versus 
SHAM [n=5] 80.0±5.0  cm/s, P=0.021) but similar to 
rotigaptide-treated ([n=13] 65.7±3.6, ns). The conduc-
tion velocities at the infarct border zone were similar 
between control and ROT groups (50.9±2.7 versus 

54.1±3.0 cm/s, ns), as was the percentage reduction in 
conduction velocities from remote (29.5±7.5% versus 
10.8±5.5%, ns) (Figure 4A).

Action potential rise time was significantly prolonged in 
the infarct region compared with remote (CON 11±2 ms 
versus 5±1  ms, P<0.001, ROT 12±4 versus 6±1  ms, 
P=0.007) with no difference between treatment groups. 
The maximal rate of action potential upstroke, time of 
maximum change in fluorescence, was significantly re-
duced in the infarct region compared with remote (CON 
0.13±0.01 arbitrary units (AU)/s versus 0.16±0.01 AU/s, 
P<0.001, ROT 0.13±0.01 AU/s versus 0.16±0.01 AU/s, 
P=0.003) with no difference between treatment groups. 
Rise time and time of maximum change in fluorescence 
in sham-operated hearts were similar to the remote re-
gion of control and rotigaptide-treated hearts (rise time 
5±1  ms, ns versus CON and ROT, time of maximum 
change in fluorescence 0.17±0.01 AU/s, s versus CON 
and ROT) (Figure 4B).

Action potential duration (APD) and calcium tran-
sient duration were similar in remote regions across 
all groups with a significant prolongation of APD50 
in the infarct region in both control and ROT groups 
(Table 2).

Table 1.  Resting ECG Parameters

ECG Interval (ms) Sham MI+CON MI+ROT P Value

PR 47±3 49±4 48±4 0.221*

QRS 26±1 28±3 29±4 0.474*

QTc 74±5 76±7 75±8 0.863*

RR 168±5 164±10 167±9 0.423*

Resting ECG parameters (PR interval, QRS duration, corrected QT [QTc] 
interval, and RR interval, in milliseconds [ms]) measured at the end of the 
healed phase (28  days) post-myocardial infarction (MI). CON indicates 
MI+control; ROT, MI+rotigaptide-treated; and Sham, sham-operated.

*ns, not significant.

Figure 2.  Representative optical action potential recordings during PES-induced VT/VF and susceptibility to arrhythmias 
studied ex vivo at the end of the healed phase (day 28) post-MI.
A, Black-and-white image represents visible epicardial optical mapping surface with (B) 3 action potential transients showing rapid 
(CL <100  ms) tachyarrhythmia voltage recordings from remote (blue), infarct border zone (black), and infarct (red) myocardium. 
C, Arrhythmia score from extrastimulus arrhythmia provocation studies. D, Incidence of VT (encompassing both sustained and 
nonsustained VT) induced by extrastimulus arrhythmia provocation studies. Sham+no drug=sham operated (n=5), MI+CON=control 
(n=15), MI+ROT=rotigaptide (n=15). *P<0.05 (E) ECG example of nonsustained VT. (F) ECG example of sustained VT. CL indicates cycle 
length; CON, control; MI, myocardial infarction; NSVT, nonsustained ventricular tachycardia; PES, programmed electrical stimulation; 
ROT, rotigaptide; SUS, sustained; VF, ventricular fibrillation; and VT, ventricular tachycardia.
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Rotigaptide Reduced Diffusion-MRI-Derived 
Indices of Tissue Heterogeneity in the Infarct 
Region Without Altering Infarct Size

For validation of the accuracy of the MR parameters, 
qualitative comparison with histology demonstrated a 

clear visual relationship between areas of low fractional 
anisotropy, high MD, and areas of collagen (scar) on 
Masson’s trichrome staining (Figure 5). The consistency 
between histological and MR values was further quan-
tified. The mean Euclidean distance between histology 
and MRI point-sets postregistration was 1.27±0.11 pixels 

Figure 3.  Representative optical action potential recordings during premature extra stimulus–
induced VT/VF.
Three examples (A through C) of sustained VT/ VF recorded during programmed electrical stimulation. 
Black-and-white image represents visible epicardial optical mapping surface with 3 action potential 
transients showing rapid (CL <100 ms) tachyarrhythmia voltage recordings from normal (blue), infarct 
border zone (black), and infarct (red) myocardium. CL indicates cycle length; VF, ventricular fibrillation; 
and VT, ventricular tachycardia.
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(from n=20 registrations), indicating good coregistration 
between images using the methods described. There 
was agreement between the orientations of myocardium 
calculated from histology, compared with the orientation 
calculated from the 2-dimensional primary eigenvector 
with a mean error of 9.5±2.3° (Figure 5), in keeping with 
previous literature values.40

Rotigaptide did not reduce infarct size measured at 
28 days post-MI (12.2±1.7% versus 17.3±2.9%, P=0.16, 
Figure  6), nor did it reduce the proportion of hearts 
demonstrating full-thickness transmural infarct exten-
sion (29% versus 60%, χ2=0.09) or significant infarct 
thinning (defined as thickness <50% of remote region, 
14% versus 27%, χ2=0.41).

FA and MD were compared on a region-by-region 
basis (remote, IBZ, and infarct) for control and rotigaptide-
treated hearts. In control hearts (n=4), FA was significantly 
reduced in the infarct region relative to remote (−15±6%, 
P=0.006 versus remote), whereas in rotigaptide-treated 
hearts (n=3) the reduction in FA failed to reach statistical 
significance (−5±3%, ns versus remote, Figure 6). In con-
trol hearts, mean diffusivity was significantly increased 
in the infarct region relative to remote (6±2%, P=0.042 
versus remote), whereas in rotigaptide-treated hearts 
the increase in MD failed to reach statistical significance 
(2±1%, ns versus remote, Figure 6).

HA demonstrated a smooth transition from en-
docardium (right-handed helix, +90°) to epicardium 

Figure 4.  Effects of rotigaptide on CV and action potential rise time.
A, Reduction in CV at IBZ, comparable between treatment groups. B, Prolongation of rise time in the infarct region, comparable 
between treatment groups. CON indicates control; CV, conduction velocity; IBZ, infarct border zone; ns, not significant; Rem, remote; 
and ROT, rotigaptide. *P<0.05.

Table 2.  APD and CaTD Parameters

AP Duration (ms) CaT Duration (ms)

APD50 APD75 APD90 CaTD50 CaTD75 CaTD90

Remote region Sham 26±2 53±4 72±6 51±4 70±4 79±6

Control 27±2 51±4 70±3 44±2 65±2 78±2

Rotigaptide 26±1 48±3 66±3 46±2 66±2 78±2

ANOVA (P value) 0.967 0.776 0.345 0.172 0.479 0.965

IBZ region Control 29±2 51±4 71±4 48±3 66±3 77±3

Rotigaptide 33±3 55±4 73±4 52±4 69±5 80±5

t test (P value) 0.318 0.502 0.738 0.464 0.550 0.530

Infarct region Control 38±4* 58±4 74±3 49±3 65±3 76±2

Rotigaptide 34±6† 57±5 76±3 47±3 64±3 74±3

t test (P value) 0.609 0.951 0.722 0.560 0.908 0.667

Effect of rotigaptide treatment on action potential (APD) and calcium transient duration (CaTD) at 50%, 75%, and 90% of repolarization in remote, infarct 
border zone (IBZ), and infarct regions.

*P<0.05 vs APD50 in remote region of control.
†P<0.05 vs APD50 in remote region of rotigaptide-treated.
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(left-handed helix, −90°) through the LV wall in all 
hearts. In control hearts, the rate of change of HA 
through the LV wall (the slope of the linear fitted 
line) was similar in remote and IBZ regions (remote 
−157±5 versus IBZ −158±4, P=ns) with the transition 
point (the point at which the linear fitted line crosses 
zero degrees) significantly closer to the endocardium 
in the IBZ compared with remote (IBZ 65% versus re-
mote 70%, P<0.0001, with transmural distance rang-
ing from endocardium [0%] to epicardium [100%]). 
Similar findings were demonstrated in remote and 
IBZ regions of rotigaptide-treated hearts with no dif-
ference in rate of change of HA through the LV wall 
and a significantly more endocardial transition point 
in the IBZ region (Figure 7).

Transverse angle (TA) and transverse angle disper-
sion were comparable in the remote regions of control 
and rotigaptide-treated hearts (mean TA: CON 13±1° 

versus 14±1o, ns, mean transverse angle dispersion: 
9±1° versus 9±1°, ns). Rotigaptide had a significant 
effect on remodeling within the IBZ with a reduction 
in mean TA compared with CON (19±1 versus 16±1, 
P=0.013) and a reduction in mean transverse angle 
dispersion (10±1° versus 12±1°, P=0.015).

DISCUSSION
This study describes the effects of 7-day acute roti-
gaptide administration in a rat model of infarction–
reperfusion on the electrophysiological and structural 
remodeling determined at 4 weeks post-MI. Rotigaptide 
did not reduce infarct size, but reduced fiber angular 
deviation in the adjacent region and reduced histomor-
phometric inhomogeneities in the IBZ associated with a 
reduction in ex vivo programmed electrical stimulation 

Figure 5.  Correlation of MR parameters and histology.
A, Regions of collagen deposition on Masson’s trichrome–stained histological section and (B) areas of low fractional anisotropy and 
(C) areas of high mean diffusivity from a single section through the mid-LV of an infarcted heart. D, Three paired sections of normal 
myocardium showing (left) histology and (right) 2-dimensional primary eigenvector. Scale bar (white)=500 μm. (E) Comparison of 
orientation in normal myocardium between histology and primary eigenvector. LV indicates left ventricle; and MR, magnetic resonance.



J Am Heart Assoc. 2021;10:e020006. DOI: 10.1161/JAHA.120.020006� 9

Chowdhury et al� Gap Junction Modulation and Reduced Arrhythmias

(PES)–induced arrhythmias after 4 weeks despite no 
alteration in resting ECG, the incidence of in vivo spon-
taneous arrhythmias, or overall mortality.

In seeking potential explanations for the reduced 
inducibility of VT/VF in rotigaptide-treated hearts, the 
other novel findings of this study were that diffusion 
tensor imaging revealed that rotigaptide partially re-
versed indices of adverse structural remodeling with 
restoration of MR-defined anisotropy and diffusivity 
in the infarct region, relative to remote. In addition, 
examining the 3-dimensional structure of infarcted 
myocardium with diffusion tensor imaging offers a 
potential mechanistic explanation for the reduced in-
ducibility of arrhythmias in rotigaptide-treated hearts.

Effect of Rotigaptide on 
Arrhythmogenesis and Electrophysiology

In this model, ECG parameters in the healed phase 
of reperfused infarction were similar between groups. 
This is in keeping with expectations considering the 
specific effect of rotigaptide only on GJ conduct-
ance, with little effect on membrane ionic currents.41 
Although the incidence of spontaneous arrhythmias 
in the healed phase was similar (and low) between 
groups, nevertheless, rotigaptide treatment afforded 
a reduction in arrhythmia score on PES, driven pri-
marily by a reduction in inducibility when subject to ex 
vivo arrhythmia susceptibility testing. Re-entry is the 

Figure 6.  The effect of rotigaptide on diffusion tensor MRI-derived measures of tissue architecture.
A, Infarct size, B, Histological representations, C, FA and D, MD. CON indicates MI+control (n=4); FA, fractional anisotropy; IBZ, infarct 
border zone; Inf, infarct; MD, mean diffusivity; Rem, remote; and ROT, MI+rotigaptide (n=3). *P<0.05.
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primary mechanism of PES-induced arrhythmias42 
and requires formation of a circuit with unidirectional 
block, slow conduction, and critical timing in order 
for re-entry to initiate and sustain. The reduction in 
arrhythmias induced by PES in the rotigaptide treat-
ment group suggests that rotigaptide attenuates the 
negative electrophysiological or structural sequelae 
of infarction, resulting in hearts unable to sustain ar-
rhythmogenesis. Modification of cellular electrophysi-
ology did not mediate this attenuation. The magnitude 
of the reduction in conduction slowing at the IBZ was 
similar between groups, as was the degree of conduc-
tion dispersion, suggesting that the anti-arrhythmic ef-
fect of rotigaptide was not mediated by a change in the 
myocardial conduction properties at the border zone. 
Upstroke kinetics of the cardiac action potential were 
also similar between groups, lending further support to 
the GJ conductance-specific effect of rotigaptide. This 
is in contrast to our previous findings in permanent MI 
(not reperfused) where conduction slowing in the IBZ 
was attenuated with rotigaptide administration.15

In considering the mechanism of re-entrant ven-
tricular arrhythmias, Allessie43 showed that re-entry 
could arise because of differences in the recovery 

of excitability of tissue within the re-entrant circuit. 
Although some debate exists as to whether there is 
a true transmural repolarization gradient in the intact 
heart,44 there is a wealth of experimental data that sug-
gest that APD gradients exist in models of disease and 
contribute towards arrhythmogenesis in models of in-
farction45 and heart failure.46 The demonstration in this 
study of an APD50 gradient between the infarct region 
and remote region offers a putative mechanistic expla-
nation for the development of ventricular arrhythmias 
because the increased dispersion provides the condi-
tions necessary for re-entry arrhythmias to initiate and 
sustain and is in agreement with previous experimen-
tal models of infarction. Thollon et al first showed APD 
prolongation (at 25%, 50%, 75%, and 90%) in hypertro-
phied rat myocytes 4 weeks post-MI.47 This was cor-
roborated by Qin et al,48 also in isolated rat myocytes 
at 4  weeks post-MI with prolongation of APD 50%, 
75%, and 90%. They performed elegant patch-clamp 
studies that attributed APD remodeling to a significant 
decrease in density in both Itof and Itos currents with 
no alteration in calcium-handling kinetics. The pres-
ence of APD prolongation and a repolarization gradi-
ent between infarcted and remote myocardium were 

Figure 7.  Effect of rotigaptide treatment on 3-dimensional myocardial structure derived from diffusion tensor imaging.
Representative single short-axis slice maps of (A) helix angle and (B) transverse angle in sham-operated and infarcted (no drug) 
hearts. Helix angle transitions from right-handed, positive angle in endocardial fibers to a left-handed, negative angle in epicardial 
fibers with a similar pattern in remote and infarct border zone regions of control (C) and rotigaptide-treated (D) hearts.
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associated with a significant increase in arrhythmia 
vulnerability, in agreement with the results in this study.

Effect of Rotigaptide on Infarct Size
There was no significant reduction in infarct size 
measured by planimetry consistent with our previ-
ous work49 using the chronic-MI model of infarction 
but in contrast with Haugan et al.23 These investiga-
tors demonstrated a significant reduction in infarct 
size in a rat model of chronic MI with a comparable 
dose of rotigaptide, but importantly their chronic MI 
model produces a consistent, thinned, transmural 
infarct across all treatment groups. This is in con-
trast to the infarction–reperfusion model, which pro-
duces a broader spectrum of infarct morphology 
ranging from patchy, discrete fibrosis to transmural, 
thinned infarction. Furthermore, Haugan et al pre-
treated rats with rotigaptide, to ensure a therapeutic 
concentration of rotigaptide at the time of left ante-
rior descending artery occlusion. This is in contrast 
to the more clinically translational administration of 
rotigaptide after left anterior descending artery liga-
tion in the present study. Large-animal studies using 
either rotigaptide21 or danegaptide50 in the acute 
setting of myocardial infarction–reperfusion have 
demonstrated reductions in infarct size when meas-
ured early (up to 4 hours). However, measurement of 
infarct size at this early time point represents area-
at-risk, not healed scar, because the necrotic phase 
is incomplete and the reparative and healing phases 
have yet to start.

Structural Remodeling Induced by 
Rotigaptide
Changes in infarct heterogeneity, independent of in-
farct size, is a potential mechanistic explanation for 
the reduction in PES-inducible arrhythmias in the roti-
gaptide treatment group.49 We previously described 
detailed histomorphometry of rat IBZ15 showing that 
short-term enhancement of GJ function during acute 
MI modifies the healed arrhythmogenic substrate by 
reducing inhomogeneities of fibrosis at the healed bor-
der zone without gross changes in infarct size, thus 
reducing VT/VF inducibility late post-MI. In the current 
study this is manifest as attenuation/prevention of the 
relative reduction in FA (representing tissue structure) 
and increase in MD (representing cell structure) in the 
infarct region of control hearts resulting, in FA and MD 
values comparable to those of remote myocardium. A 
reduction in FA and increase in MD in the infarct re-
gion of the healed rat myocardium has been previously 
demonstrated by Chen et al,24 attributed to the replace-
ment of viable myocytes by loose strands of collagen 
that allow greater transverse diffusion and infiltration 
of inflammatory cells in the infarct region. These cells 

possess a more spherical cell shape, compared with 
the rodlike shape of normal myocytes. By contrast, the 
findings of Strijkers et al51 showed an increase in FA 
post-MI, and this was attributed to the structured na-
ture of collagen fibers.

It is possible that rotigaptide therapy has an inter-
mediate effect on collagen deposition, with an increase 
in collagen density of sufficient magnitude to render 
diffusion equal in magnitude and anisotropy to remote 
myocardium, but of insufficient magnitude to replicate 
the findings of Strijkers et al.51 An alternative explana-
tion is the presence in rotigaptide-treated hearts of 
greater surviving strands or islands of myocytes within 
the infarct region, so as to result in a partial volume ef-
fect whereby the measured FA and MD are a reflection 
of both reduced anisotropy and increased diffusivity in 
areas of collagen deposition, offset against preserved 
anisotropy and normal diffusivity in areas with surviving 
myocytes.

The transmural course and mean values of helix 
and transverse angles are in agreement with those 
reported in the literature.24 In healthy rat myocar-
dium, helix angle values and transmural course are 
similar in anterior, lateral, septal, and inferior regions, 
and, as demonstrated, do not show a significant 
base-to-apex gradient.24 In the 4-week chronic MI 
model of Chen et al,24 the infarct region exhibited a 
greater change in HA per millimeter through the LV 
wall, because of its thinned nature, but when plot-
ted as a function of transmural distance showed no 
significant change from remote myocardium. In this 
current study, the adjacent region did not demon-
strate significant thinning, and showed a rate of 
change (ie, slope of linear fitted line) comparable to 
the remote region. However, the point of transition 
of the HA (through zero degrees) appeared to occur 
≈5% (of total LV wall thickness) closer to the endo-
cardium, with similar findings in both control and 
rotigaptide-treated groups. This shift in transition 
point is in keeping with the study of Rutherford et 
al,52 who, in a high-resolution histological study of the 
IBZ, demonstrated that the normal pattern of trans-
mural myofiber rotation was disrupted across the IBZ 
with a shift in transition point towards the endocar-
dium. HA deviation, a marker of fiber orientation co-
herence, was similar in remote and adjacent regions 
in both treatment groups, with sporadic differences 
between remote and adjacent regions only present 
in the midmyocardium (45%–65% of transmural dis-
tance) of control-treated hearts. The mean HA devia-
tion of 14° in the remote region is higher than the 10° 
reported by Chen et al,24 with the 16° in the adjacent 
region lower than the 20° reported in the infarct re-
gion, although discrepancies in values likely reflect 
differences in the segmentation of myocardium be-
tween studies.
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In this study we have shown that the TA, the 
component of the myofiber orientation in the x-y 
plane, was similar in remote regions of control and 
rotigaptide-treated hearts and was significantly higher 
in the adjacent regions of both when compared with 
respective remote regions. However, the mean TA 
in the adjacent region was significantly reduced in 
the rotigaptide-treated group, compared with the ad-
jacent region of control hearts, suggesting a more 
ordered and tightly packed orientation of myofibers. 
TA deviation, another marker of fiber orientation co-
herence, was significantly higher in adjacent regions 
of control hearts in comparison to remote regions, 
a finding that was not replicated in the rotigaptide-
treated group, which instead demonstrated resto-
ration of TA deviation in the adjacent region to values 
seen in remote myocardium. The reduced mean TA 
and reduced deviation of myofibers in the x-y plane in 
the adjacent region of rotigaptide-treated hearts may 
reflect a more ordered healing process and offers a 
putative mechanistic explanation for the reduced ar-
rhythmogenesis by creating a more homogeneous, 
less arrhythmia-prone border zone.

Limitations
Optical action potential and calcium transient anal-
ysis was constrained to the visible epicardial sur-
face and was divided into 3 regions based on the 
Complementary Metal–Oxide–Semiconductor image 
appearance. It is conceivable, however, that within 
each region (specifically the IBZ and infarct) there 
may exist significant interregional variability, par-
ticularly in APD, which, because of the spatial res-
olution of analysis, may not be appreciated. This 
interregional variability may unmask areas of local 
heterogeneity, which may offer a mechanistic ex-
planation of arrhythmogenicity whereas averaged, 
large, regional-based analysis would appear to show 
little heterogeneity.

Because of the number of hearts undergoing dif-
fusion tensor imaging, it was not possible to perform 
subgroup analyses of arrhythmic versus nonarrhyth-
mic hearts to determine whether diffusion imag-
ing could identify hearts with high arrhythmic risk. 
Although rotigaptide treatment appeared to confer 
significant remodeling benefit in the form of restor-
ing FA and MD in the infarct region to values of the 
remote region and in reducing the variation in fiber 
orientation in the adjacent region, it is not possi-
ble to comment on whether these changes ren-
dered individual hearts less or more susceptible to 
arrhythmogenesis.

With regard to the diffusion-MRI-derived indices, 
only the remote and adjacent regions were ana-
lyzed, because of the variable degree of wall thinning 

demonstrated in the infarct region and the potential 
partial volume effect in attempting to divide the infarct 
region into deciles.

MRI diffusion indices may be affected by regional 
myocardial differences even in normal hearts.53 For 
this reason control and rotigaptide values were com-
pared within the same myocardial regions.

The number of animals in each group for the mea-
surements of FA and MD were small, limiting the ability 
to identify a statistically significant difference with/with-
out rotigaptide.

CONCLUSIONS
Early enhancement of GJ coupling after infarction–
reperfusion injury leads to reduced susceptibility to 
PES-induced arrhythmias, and is associated with res-
toration of structural anisotropy and diffusivity. This 
demonstrates the potential therapeutic value of roti-
gaptide treatment alongside reperfusion strategies in 
acute management of post-MI.

ARTICLE INFORMATION
Received November 28, 2020; accepted March 4, 2021.

Affiliations
National Heart & Lung Institute and ElectroCardioMaths Programme of the 
Imperial Centre for Cardiac Engineering, Imperial College London, London, 
United Kingdom (R.A.C., M.T.D., B.S.H., K.H.P., A.R.L., F.S.N., N.S.P.); and 
King’s British Heart Foundation Centre, School of Cardiovascular Medicine 
and Sciences, Kings College London, London, United Kingdom (A.P., 
A.M.S.).

Acknowledgments
Rotigaptide (chemical structure: Ac-D-Tyr-D-Pro-D-Hyp-Gly-D-Ala-Gly-NH2) 
was synthesized by Dr Albert Jaxa-Chamiec (Imperial College London Drug 
Discovery Centre, London, UK).

Sources of Funding
This work was funded by British Heart Foundation (Programme Grant BHF 
RG/16/3/32175 to Peters and Ng for RAC and MD, CH/1999001/11735 to 
Shah and Intermediate Fellowship Grant FS/11/67/28954 to Lyon), Medical 
Research Council (Clinical Research Training Fellowship grant G0900396 
for Ng), NIHR Imperial Biomedical Research Centre and NIHR Clinical 
Lectureship (CL-2011-21-001 for Ng).

Disclosures
None.

Supplementary Material
Data S1

REFERENCES
	 1.	 Sarter BH, Finkle JK, Gerszten RE, Buxton AE. What is the risk of 

sudden cardiac death in patients presenting with hemodynam-
ically stable sustained ventricular tachycardia after myocardial 
infarction? J Am Coll Cardiol. 1996;28:122–129. DOI: 10.1016/0735-
1097(96)00123​-4.

	 2.	 de Bakker JM, van Capelle FJ, Janse MJ, Tasseron S, Vermeulen JT, 
de Jonge N, Lahpor JR. Slow conduction in the infarcted human heart. 
“Zigzag” course of activation. Circulation. 1993;88:915–926. DOI: 
10.1161/01.CIR.88.3.915.

https://doi.org/10.1016/0735-1097(96)00123-4
https://doi.org/10.1016/0735-1097(96)00123-4
https://doi.org/10.1161/01.CIR.88.3.915


J Am Heart Assoc. 2021;10:e020006. DOI: 10.1161/JAHA.120.020006� 13

Chowdhury et al� Gap Junction Modulation and Reduced Arrhythmias

	 3.	 Kaplinsky E, Horowitz A, Neufeld HN. Ventricular reentry and automa-
ticity in myocardial infarction. Effect of size of injury. Chest. 1978;74:66–
71. DOI: 10.1378/chest.74.1.66.

	 4.	 Bolick DR, Hackel DB, Reimer KA, Ideker RE. Quantitative analysis of 
myocardial infarct structure in patients with ventricular tachycardia. 
Circulation. 1986;74:1266–1279. DOI: 10.1161/01.CIR.74.6.1266.
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Supplemental Methods 

Ethical and Home Office Approval 
All animal procedures were performed in accordance with the standards set out in 
the UK Animals (Scientific Procedures) Act 1986 with appropriate PPL (70/7419), 
PIL (70/24061) permissions and subject to local ethical review. 

Surgical Model of Infarction-Reperfusion 
Thirty seven male Sprague-Dawley rats (weight 250-350g) underwent myocardial 
infarction-reperfusion (MI) surgery. Briefly, rats were anaesthetised using vaporised 
Isoflurane then intubated and ventilated using a positive pressure ventilator. The left 
lateral chest area was shaved and prepped with Povidone Iodine and a dose of 
Buprenorphine (5mg/kg sc) and Enrofloxacin (0.05mg/kg) administered pre-
operatively. A 4cm vertical incision was made over the left lateral chest area and a 

thoracotomy performed between the 3rd and 4th intercostal spaces to expose the 
heart. The pericardium was divided and the thymus retracted cranially to expose the 
anterior surface of the heart and allow visualisation of the left anterior descending 
(LAD). A 6-0 monofilament suture was looped around the proximal LAD and a 
slipknot tightened to induce infarction or removed in sham-operated animals. 
Successful occlusion of the LAD was confirmed by blanching of the myocardium and 
regional LV wall hypokinesis. The free ends of the slipknot were externalised and the 
intercostals, pectoralis and skin closed with 4-0 silk. Free air was expelled from the 
chest using a positive pressure cycle and animals extubated and maintained on a 
Bain coaxial anaesthetic mask with inhaled Isoflurane (2%). After 60 minutes of LAD 
occlusion the free ends of the slipknot were pulled to allow release of the knot and 
restore coronary flow. The rats were recovered in a hotbox and monitored post-
operatively until the end of the study protocol.  

Drug Administration 
Rats were randomly divided into two groups at the time of MI surgery; a control 
group that received phosphate-buffered saline (PBS) and a treatment group that 
received the gap junction enhancing drug Rotigaptide. At 15 minutes post-LAD 
occlusion, prior to reperfusion, rats received either Rotigaptide (2.5mol/kg) or PBS 
(1ml) via intraperitoneal injection. Following reperfusion animals were treated for a 
week using an osmotic minipump (Azlet Minipump 2ML1) filled with either PBS (at a 
rate of 2ml/week) or Rotigaptide (at a rate of 0.11nmol/kg/day). The osmotic 
minipump was implanted in the abdominal cavity following reperfusion by making a 
small vertical abdominal incision along the linea alba and dividing the anterior 
abdominal wall muscles to form a laparotomy. After placing the minipump inside the 
abdominal cavity the abdominal muscles and skin layers were closed with 4-0 silk. 

In Vivo ECG Telemetry Recordings 
The incidence of spontaneous ventricular arrhythmias was measured with an 
implantable wireless ECG telemetry transmitter (CA-F40, DataSciences). At seven 
days post-MI rats were anaesthetised using vaporised Isoflurane (2%), maintained 
on a Bain co-axial system with inhaled Isoflurane (2%) and the abdominal area 
shaved, prepped with Povidone Iodine and a dose of Buprenorphine (5mg/kg sc) and 
Enrofloxacin (0.05mg/kg) administered pre-operatively. A vertical abdominal incision 
was made along the linea alba and the anterior abdominal wall muscles divided to 
form a laparotomy. The osmotic minipump implanted at the time of MI surgery was 
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removed and the body of the wireless transmitter sutured to the anterior abdominal 
wall using a 4-0 silk suture. The two bio-potential leads were positioned in a pseudo-
lead II position with the positive lead tunnelled subcutaneously and secured under 
the cardiac apex and the negative lead tunnelled subcutaneously and secured in the 
right axilla. Animals were recovered in a hot box prior to being individually housed in 
a custom-built telemetry rack (Technoplastics) and the implanted transmitter paired 
to a receiver-plate positioned under each cage. Continuous ECG recordings were 
performed for a 72 hour period at 28 days post-MI surgery. From this dataset, a 24 
hour window of data, in time with the light-dark cycle of the animal facility was 
extracted and the number of ventricular premature beats (VPB), number of runs of 
ventricular tachycardia (VT) and number of runs of ventricular fibrillation (VF) 
quantified by semi-automatic analysis (EMKA ECG Software) and a composite 
arrhythmia score calculated [Curtis Ref] 
Score = log(Number of VPB) + log(Number of VT Episodes) + log(Number of VF 
Episodes) 
 
In Vivo ECG Recordings 
The resting ECG was recorded using a small-animal 6-lead ECG system (iWorx). At 
28 days post-MI rats were anaesthetised using vaporised Isoflurane (5%) and 
maintained on a Bain co-axial system with inhaled Isoflurane (2%). Grass platinum 
sub-dermal needle electrodes were attached to each limb with a reference electrode 
attached to the right leg. Data were acquired at a sampling rate of 1KHz and 
bandpass filtered between 0.3-30Hz. Data were analysed offline (LabScribe 2, 
iWorx) to measure specific ECG intervals (PR, QRS, RR, QTc intervals, measured in 
milliseconds (ms)) averaged from 10 consecutive beats in the lead with greatest 
QRS amplitude. 
 
Langendorff Perfusion Studies 
At 28 days post-MI rats were sacrificed by an overdose of anaesthetic followed by 
cervical dislocation and the heart retrograde perfused with oxygenated Krebs-
Henseleit buffer (composition Na, pH 7.35-7.45, temperature 36.5-37.5oC) using a 
flow-driven Langendorff system (Radnoti) to give a perfusion pressure of 80-
90mmHg. The heart was placed in a perspex, fluid filled chamber to facilitate optical 
mapping and a real-time field ECG recorded using an electrode placed in contact 
with the fluid in the chamber and a reference electrode connected to the aortic 
cannula. Cardiac pacing was achieved using a needle pacing electrode placed on 
the RV endocardium connected to a reconditioned clinical pacing system (MicroPace 
III) with a rectangular pulse at twice diastolic threshold and of duration 2ms. The 
heart was allowed to stabilise in sinus rhythm for 15 minutes prior to arrhythmia 
provocation and optical mapping studies 
 
Arrhythmia Provocation Studies 
The effects of Rotigaptide treatment on the susceptibility to arrhythmias induced by 
programmed stimulation was assessed using an extrastimulus programmed 
electrical stimulation (PES) protocol [ARL reference]. Briefly, hearts were subject to 
an S1S2 provocation protocol with a drivetrain of 10 S1 beats at CL 120ms followed 
by a single premature extrastimulus (S2) at a CL of 100ms, decrementing in 2ms 
steps until refractory or an induced arrhythmia occurred. If the heart remained in 
sinus rhythm a S1S2S3 protocol was performed with an additional extrastimulus (S3) 
at a CL of 80ms, decrementing in 2ms steps. Arrhythmias were defined in keeping 



with the Lambeth conventions [REF] and quantified according to the score proposed 
by Nguyen (nil inducible = 0, NSVT on S1S2S3 = 1, Sustained VT on S1S2S3 = 2, 
NSVT on S1S2 = 3, Sustained VT on S1S2  = 4, NSVT or Sustained VT on S1 
pacing = 5, NSVT or Sustained VT post stabilisation = 6).   
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