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Aims Whether skeletal myoblast (SM) implants are proarrhythmic is still controversial due to conflicting pre-clinical and
clinical data. We hypothesized that if SM implants are arrhythmogenic, they will facilitate the induction of ventricular
tachyarrhythmias by promoting heterogeneous propagation of activation wavefronts.

Skeletal myoblast cells were harvested from 10 pigs. A month later, 125 + 37 x 10° cells were subepicardially injected
in an area of ~2 cm? at the anterolateral aspect of the left ventricle. Four weeks later, a ventricular stimulation protocol
was conducted. Once explanted, epicardial wavefronts over SM and adjacent control areas were optically mapped. Eight
saline-injected animals were used as controls. To compare with clear arrhythmogenic substrates, propagation patterns
were also evaluated in infarcted hearts and on a SM-implanted heart following amiodarone infusion.

In SM hearts, fibrosis and differentiated SM cells were consistently found and no tachyarrhythmias were induced. Wave-
fronts propagated homogeneously over SM and adjacent areas, with no late activation zones, as opposed to the
infarcted hearts. The time required for the wavefronts to depolarize both areas were similar, becoming only slightly
longer at SM areas after an extra-stimulus (P = 0.025). Conduction velocities and APDgo were also similar. Saline
hearts showed similar results. The extent of the conduction delay was not related to the number of injected SM cells.

In normal swine hearts, myoblast implants promote localized fibrosis and slightly retard epicardial wavefront
propagation only after extra-stimuli. However, SM implants are not associated with local re-entry and do not facilitate
ventricular tachyarrhythmias in the whole normal heart.
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Introduction

Pilot clinical studies on the transplantation of skeletal muscle pre-
cursor cells (skeletal myoblasts; SM) into infarcted areas seemed
promising." > However, sustained ventricular arrhythmias were
initially reported,“3 challenging initial high expectations.“’5

However, the suggested proarrhythmia has not been confirmed
by recent major clinical trials that have shown that ventricular
arrhythmia rates are as to be expected for such a selected sick
population“*7 so controversy remains.® "

Animal studies have produced inconclusive data.'*~'® Thus, to
further evaluate the safety of SM implants, we tested in a large
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whole mammal heart (swine) if implants per se facilitate the induc-
tion of ventricular arrhythmias in the normal in situ heart and if they
can promote theoretically proarrhythmic propagation patterns.

Methods

Experimental model and surgical
protocol

This study complied with national guidelines (RD 1201/2005).
Female adult Pietrain pigs (30—40 kg) were selected. Ten animals

underwent SM implants. All surgeries were performed under
general anaesthesia (propofol, fentanyl, and isoflurane) by a
cardiac surgeon involved in clinical trials with SM implants.

A 5-7 gr biopsy of the sternohyoid muscle was retrieved for
myoblast isolation. A month later, a left thoracotomy was per-
formed to expose the anterolateral aspect of the left ventricle.
Two non-absorbable suture stitches (4—0 polypropylene) were
placed as markers (Figure 1A). The SM suspension (1.5-2 mL)
was injected tangentially by 3—5 subepicardial injections over a
~2 cm? area around a midpoint between the two sutures using
a prebent 25gauge needle. Four weeks later, hearts were
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Figure 1 (A) The location of the implant zone and sutured ties (X) used as references. The white circle shows the injection site and the
yellow square represents the filmed area. (B) An example of velocity vectors over an isochrone map. The white dashed line marks the area
selected to calculate the mean CV. (C) Phase O of local action potentials taken at different pixels from the adjacent isochrone map, as used
to depict the activation wavefront. The local activation time corresponds to the timing of the maximum positive slope as marked by a small
circle. (D) Macroscopic view of an implanted zone showing a whitish triangular wedge embedded in normal myocardium. Linear lesions rep-
resent the injection trajectories. The affected zone is limited to ~1 cm depth. (E) Masson’s stain of an implant zone. White areas representing
fibrosis can be observed surrounded by normal myocardium. Scale bar = 500 um. (F) Microscopic detection of implanted cells. Arrows point at
differentiated myotubes stained with BMDV 1025 antibodies dispersed within the fibrous tissue in an implant zone. Scale bar = 30 um. (G) At
injury boundaries, away from connective tissue, groups of 3—4 cells stained with BMDV1025 (arrows) are shown among normal cardiomyo-

cytes. Scale bar = 20 um.
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exposed and programmed electrical stimulation (PES) was per-
formed. In one animal, this procedure was undertaken 5 months
after SM implant to evaluate a long-term proarrhythmia.

Isolation and preparation of myoblasts

Biopsies were digested with trypsin (0.5 mg/mL) and collagenase
(0.5 mg/mL). After filtering through a nylon net (80 um), cells
were grown in the Ham-F12 medium (GIBCO-BRL) supplemented
with 20% fetal calf serum and 1% penicillin/streptomycin
(GIBCO-BRL). Cultures were incubated and passages were
performed (every ~10 days) at subconfluence (80%) to prevent
myotube formation. Skeletal myoblast were harvested after 2—4
passages for a total of ~100-200 x 10° cells. Before implant,
cells were washed to eliminate any fetal calf serum and
re-suspended in the autologous serum (50—80 x 10° cells/mL).
Assessment of myoblasts was performed by flow cytometry
using antibodies against CD45 and desmin.

In situ data: programmed electrical
stimulation

Any spontaneous arrhythmia, including ventricular ectopies (VE),
was monitored (Prucka CardiolLab, GE) during a 30 min interval,
under anaesthesia, before manipulation of the heart, at the
second (pre-SM implant) and the third surgical procedures. At
the latter procedure, PES was conducted pacing close to the
implant zone. Pacing was performed at 500, 400, and 300 ms
basic drive cycle length (BDCL) adding up to two extra-stimuli.
We also paced at the most rapid cycle length ensuring 1:1
capture and then suddenly stopped to record any triggered activity.
No atrial stimulation was performed as no major atrial proarrhyth-
mia would be expected.

Isolated heart preparation and optical
recordings

Hearts were then explanted and taken to a Langendorff’s appar-
atus to be perfused and superfused with 37°C oxygenated
Tyrode’s solution. Pacing was performed at the left upper corner
of the field of view (3 x 3 cm?) over an SM zone or an adjacent
(more septal or lateral) control area. Pacing included 500, 400,
and 300 ms (S1) adding one extra-stimulus (S2) to 500 and
400 ms. Optical mapping (OM) movies (2”) were recorded by a
CCD camera (Dalsa Inc., Ontario, Canada) at 800 frames/s, using
Di4ANEPPS."  Recordings included S1 and S2 beats 10 ms
longer than the effective ventricular refractory period (EVRP).
Movies were recorded with a spatial resolution of 64 x 64
pixels: 0.47 mm/pixel.

To stabilize, the heart was gently compressed against the surface
of the superfusion chamber. Recordings of the initial propagation
of depolarization wavefronts are usually free from motion arte-
facts, so electromechanical uncouplers (Cyto-D) were only used
in a single experiment as control.

Control hearts and additional
experiments

Eight animals underwent the whole protocol but were injected
2 mL of saline instead. Additional experiments were performed

to register overt epicardial slow conduction. Three animals under-
went transmural ischaemic infarctions by percutaneous balloon
occlusion during 90 min of the mid anterior descending artery in
one case and proximal circumflex artery in two. Four weeks
later, OM and PES were performed over the borders of the
infarcted epicardium on the isolated hearts. Another animal under-
went the regular protocol but 1.5 mL of sterile 98% ethanol was
injected instead to induce a localized chemical infarction. On one
of the SM-injected isolated hearts, after completion of the proto-
col, stimulation was repeated 5 min after adding 300 mg amiodar-
one to the 5 L of perfusion.

Data processing and analysis

The propagation dynamics of S1 and S2 depolarization wavefronts
were analysed and isochrone maps were computed (Figure 1B and
C). We defined total activation time (TAT) as the time required for
a wavefront to depolarize the whole field of view. Local velocity
vectors were computed.18 When homogeneous propagation was
found, we defined mean conduction velocity (CV) as the average
of the values of all vectors in a selected wide area parallel to the
direction of the fastest propagation (Figure 1B). APDgy duration
was defined as optical action potential duration at 90%
re-polarization, averaging values from 10 non-adjacent pixels.

S2 beats propagate slower than S1 beats, so TAT after S2
(TAT-S2) should be longer than after S1 beats. We wanted to
quantify whether TAT-S2 were longer at SM zones, compared
with adjacent ones, and if the potential delay in TAT-S2 over SM
zones was related to the number of injected cells. Thus, we calcu-
lated for each SM-implanted heart (at 500 and 400 ms) the per
cent variation in TAT-S2 over the SM zone referred to the adjacent
one, as follows:

TAT-S25m — TAT-S2contro
ATAT-S25M-control (%) = ( o Cont ‘) x 100

TAT‘52Control

Positive values of ATAT-S2sm_control Mean that the time required
for the S2 wavefront to depolarize the whole field of view is
greater in the SM area than in the adjacent zone.

Histological analysis

Samples were fixed in 10% formaldehyde and paraffin-embedded.
Pieces were cut into 4 um thick sections to be stained with haema-
toxilin—eosin and Masson’s trichrome. A monoclonal antibody
marker (BMDV1025, clone MY-32, IgG1-k; Accuratechemical)
was used to detect skeletal fast myosin, representing mature skel-
etal myocytes.

Statistical analysis

Results are expressed as the mean 4+ SD. The paired t-test was
used to compare the incidence of VE and repeated-measures
ANOVA to compare TAT, CV, and APDgy, in the SM and the
saline groups. Pearson’s correlation coefficient was used to evalu-
ate ATAT-S2 values and the number of injected cells. To compare
the propagation patterns between SM and infarction groups, we
used Fisher’s exact test. A two-tailed P-value of <0.05 was con-
sidered significant.
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Results

Histology analysis

SM-implanted samples showed whitish triangular-shape wedges
embedded among the normal-coloured myocardium. The base of
the wedges corresponded to the epicardium and the apex was
limited to the upper mid-myocardium (Figure 1D). Lesion sizes
were relatively similar. The mean epicardial area affected measured
24 + 04 cm?, with lesions reaching a depth of 0.9 + 0.2 cm.
Lesions showed the areas of vascularized fibrosis embedded
within normal myocardium (Figure 1E). Connective tissue was
more prominent around injection sites and included granulomas
and inflammatory cells. We consistently found skeletal myocytes
marked with antibodies, dispersed within preserved myocardium,
and in the connective tissue (Figure 7F). Immunohistochemical
staining confirmed the survival of the cells, as it marks differen-
tiated myotubes from the original myoblasts. Skeletal myocytes
were found both dispersed and arranged in small groups, adopting
rounded or fusiform morphologies. The density of skeletal cells
clearly declined from the areas close to the injection trajectories
to the boundaries of the wedge, but differentiated skeletal cells
were found slightly farther, among normal myocardium, and
away from injection trajectories (Figure 1G). Saline hearts showed
similar macroscopic findings with an extent and distribution of con-
nective tissue around injection sites indistinguishable from SM
hearts.

In-situ programmed electrical stimulation

No animal died spontaneously between the implant and the sacri-
fice surgery. No differences were found in the incidence of spon-
taneous VE comparing the second (1.4 + 1.5 VE) and the third
surgical procedure (1.3 + 1.9 VE; P = NS) in the SM experiments.
Saline experiments showed similar results (1.2 + 1.6 vs. 1.4 + 1.6;
P = NS). Effective ventricular refractory period at 500, 400, and
300 ms were 283 + 24, 248 + 18, and 238 + 29 ms in the SM
group and 278 + 25, 251 + 15, and 234 + 23 ms in the saline
one (P=NS). No ventricular arrhythmia lasting more than one
VE was elicited in any in situ heart, whether SM or saline injected.
No ventricular-triggered activity, AF, or any other arrhythmias
were induced in any of both groups.

Optical recordings in skeletal myoblast
hearts

Isochrone maps showed homogeneous propagation patterns in
both SM and adjacent zones (Figure 2A). No late depolarization
zones, lines of block, or tortuous propagation patterns were
found. No ventricular arrhythmia (beyond 1 VE) was induced in
the isolated hearts.

Total activation time values increased after S2 beats as com-
pared with ST (P=0.001) and as the cycle length decreased
(P =0.0001; Figure 3A). Although globally we did not find signifi-
cant differences comparing TAT at SM versus adjacent zones
(P=0.6), a significant interaction was found regarding SM zone
and the addition of an S2 (P = 0.025) indicating a slight but signifi-
cantly prolonged TAT in SM zones only after an extra-stimulus. No

positive correlation was found between the extent of S2-induced
propagation delay over SM zones (ATAT-S2sm.control) and the
number of injected cells: r= —049 at 500 ms (P=0.15) and
r= —0.61 at 400 ms (P = 0.06; Figure 3D).

As the propagation patterns were homogeneous, a mean epicar-
dial CV per isochrone map was determined. Epicardial CV was
slower after S2 beats (P = 0.012) and decreased with the shorten-
ing of the BDCL (P = 0.001; Figure 3B). Although no significant
differences were found between CV at SM vs. control zones
(P=10.8), a trend (P=0.2) towards slower CV in SM zones
after S2 was observed.

APDgo decreased following S2 (P=0.002) and with the
decrease in cycle length (P << 0.0001; Figure 3C). However, we
found no significant differences in APDgo comparing SM with adja-
cent zones.

The experiment performed 5 months after the SM implant and
the one with Cyto-D showed similar results. Propagation patterns
were homogeneous and TAT, CV, and APDg determinations fell
in the mean + SD of the remaining values.

Optical recordings in control hearts

Relatively similar results were found in the saline-injected hearts
(Figure 3E—G). Total activation time analysis showed a significant
interaction regarding injection zones and S2 (P = 0.04), suggesting
a slightly prolonged TAT in the saline-injected zones only after an
extra-stimulus. No significant differences were found comparing
mean CV and APDgg. No ventricular arrhythmias were induced.

Additional experiments

The chemical infarction (Figure 2B, leftmost panels) showed late
depolarization zones and lines of conduction block within a het-
erogeneous propagation pattern. Figure 2B also illustrates the
propagation over the transition zones between normal and
ischaemic-infarcted tissue (pink masks) showing overt slow con-
duction in infarct 1 (mean CV: 35 cm/s at S1 and 24 cm/s at S2)
and 3 (36 cm/s at ST and 28 cm/s at S2) and a heterogeneous
pattern in infarct 2. Pacing with a single extra-estimulus or at
300 ms (as in SM hearts) eventually induced sustained ventricular
tachycardia or ventricular fibrillation (VF) in the four isolated
infarcted hearts. We classified as pathological propagation those
isochrones maps showing local re-entry or overt slow conduction
(CV values at 500/S2 two SD lower than the mean CV from
the adjacent zones of the control hearts). All these four
hearts showed pathological propagation as opposed to SM zones
(P =0.002).

Figure 2C shows isochrone maps of a propagated beat over the
SM zone of an SM-injected heart at baseline and after adding amio-
darone. Amiodarone increased TAT from 46.8 to 126 ms due to a
decrease in CV from 79.3 to 25.7 cm/s. However, the homo-
geneous pattern of activation was preserved. Pacing at 300 ms
eventually induced VF.

Discussion

This study found that SM implants induce local fibrosis but do not
significantly alter epicardial wavefront propagation in the normal
pig heart. The minor propagation delay found after extra-stimuli
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Figure 2 (A) Isochrone maps illustrating the relatively homogeneous patterns of activation of paced wavefronts in a representative heart at a
control (upper row) and an adjacent SM zone (lower row). (B) Epicardial wavefront propagation over a chemically infarcted area (alcohol) and
three ischaemic infarctions (1, anterior; 2 and 3, lateral). Maps reflect slow conduction, with the alcohol and infarct 2 showing significant het-
erogeneous propagation and conduction blocks (white parallel lines) forcing wavefronts to curve (dashed magenta arrows), paving the way for
re-entry. Pink masked areas represent scar. In infarct 2, both maps show the same beat at different time scales to allow comparison with remain-
ing maps. Purple area was excluded due to poor signal-to-noise ratio. (C) Isochrone maps of an SM-implanted area before (left) and after amio-
darone (central and right maps). The rightmost panel is the same propagation map than the central one, at a time scale of 0—130 ms. Velocities
significantly got slower but the propagation pattern remained homogeneous. TS, time scale.
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Figure 3 (A) TAT at 500, 400, and 300 ms (S1) and after adding an S2, comparing SM and adjacent control zones. TAT increased after S2
(P=0.001) and as the BDCL shortened (P = 0.0001). Only after S2, a slight but a significant (P = 0.025) prolonged TAT was found in the SM
zones. (B) Mean CV were slower after S2 beats (P = 0.012) and decreased with the BDCL shortening (P = 0.001). We found a minor trend
(P = 0.2) towards slower mean CV in the SM zones after S2. (C) Repolarization times shortened following extra-stimuli (P = 0.002) and as the
BDCL decreased (P = 0.0001), but there were no differences between both the zones. (D) The number of injected cells and extent of
S2-induced delay over the SM zones when compared with the adjacent control areas (ATAT-S2sm.control)- Values on the upper portion
mean cases where the delay was higher in the SM than in the control zone. No positive correlation was found. (E-G) Similar findings in
the saline group. TAT increased after S2 (P = 0.002), as the BDCL shortened (P = 0.001), and over injected zones after S2 (P = 0.04). CV
decreased after S2 (P = 0.01), as the BDCL shortened (P = 0.001) but not significantly over injected zones. Repolarization times shortened
after S2 (P = 0.001) and with the BDCL shortening (P = 0.001). *P < 0.05.
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was not sufficient to promote proarrhythmia. Saline induced
similar results, suggesting that injection-induced fibrosis and not
SM cells caused this minor propagation delay.

Electrophysiological findings

Because SM do not electrically couple with surrounding myocar-
dium, speculation has arisen suggesting that SM may act as arryth-
mogenic substrates.’” We found that SM do not seem to provoke
spontaneous ventricular arrhythmias, as an equivalent low rate of
VE was observed before and after implantation. As the animal
was under anaesthesia, we cannot rule out that catecholamines
might facilitate ectopies. However, in an SM rat model, close
monitoring during regular activities did not show any increase in
spontaneous arrhythmias.*®

Pacing the whole heart in situ did not induce ventricular arrhyth-
mias, suggesting that implants do not generate a clear re-entry
substrate. On a more regional basis, we focused on wavefront
propagation over SM and adjacent zones and found similar homo-
geneous patterns. No heterogeneous or slow propagation was
elicited as opposed to the infarcted hearts. Even after slowing
CV in an SM heart with amiodarone, no heterogeneous propa-
gation or re-entry focus was unmasked.

We found only a slightly higher TAT over implanted areas after
pacing with extra-stimuli close to refractoriness. This minor delay
did not seem to be large enough to promote re-entry. This finding
was found in saline-injected hearts as well, suggesting that it is prob-
ably due to induced fibrosis, more than due to dispersed non-coupled
skeletal myocytes within the myocardium. The fact that increasing the
number of injected cells did not increase the delay supports this
hypothesis, as recently suggested by the MAGIC investigators.*

Arrhythmogenesis in clinical studies

Skeletal myoblast implants were associated with variable rates of
ventricular arrhythmias." >¢ Reported arrhythmic events range
from 0% to 20% of all implanted patients.”*¢2"?? The arrhythmic
rates reported in such studies might be attributed to the patients’
myocardial scars. The MAGIC trial showed that the proportion of
patients who experienced ventricular arrhythmias was not signifi-
cantly different between the myoblast-treated groups (which dif-
fered by the number of injected cells) and the placebo-injected
group.® Similar results have recently been reported in a 4-year
follow-up study.”

Arrhythmogenesis in previous
experimental models

A non-infarction model concluded that re-entrant arrhythmias can
be induced in a monolayer coculture of human SM and neonatal rat
ventricular myocytes."’ However, their density of SM was clearly
much higher than reported engraftment rates in humans.'® In
our study, SM were injected at a conventional clinical dosage.
Our findings might be explained by the low density of SM achieved
using the standard implantation techniques.

An infarction model in rats found that the arrhythmia inducibility
was significantly higher in SM-implanted hearts.”® However, these
findings were not confirmed in a larger heart model (canine) in
wedges of either normal or infarcted hearts.'® Probably, this may

be explained by the higher thickness of larger hearts (100 times
bigger) where the trauma of injections and the whole volume of
engrafted SM are proportionally smaller. In that canine model,
similar transmural propagation was found in wedges with and
without SM pacing from the endocardium and a slightly slower
transmural propagation in SM regions pacing epicardially, with no
induced transmural re-entry.

Limitations

Optical mapping was limited to the epicardium as transmural propa-
gation has already been evaluated previously and no re-entry was
elicited."® This study was limited to normal hearts. The subtle
conduction disturbances found may have a more pronounced
proarrhythmic effect in a diseased environment, so we cannot
speculate on any possible proarrhythmic interaction between SM
implants and infarcted tissue. We believe that due to the irregular
borders of ischaemic infarctions, with scars and transition zones
interspersed heterogeneously, it would be extremely difficult to
assess and properly quantify whether the SM implant-induced
local fibrosis and the surviving cells actually modify the proarrhyth-
mia of the ischaemic substrate. This has already been attempted'®
concluding that SM implants do not modify the arrhythmic ischaemic
milieu. We believe that if SM implants are clearly proarrhythmic,
they should promote re-entry in the normal heart and that was
not the case in our study. We mainly focused on re-entry, expanding
our model to conditions known to provoke triggered activity may
allow to further study such arrhythmia mechanisms.

Our stimulation protocol did not include a third extra-stimulus
in order to decrease the chances of inducing probably unspecific
VF episodes, being VF in the pig sometimes very difficult to defibril-
late. However, two extra-stimuli protocols have previously been
used with induction rates over 90% of the ones achieved using

. .2324
three extra-estimuli.

Conclusions

In the normal swine heart, myoblast implants mainly promote patches
of fibrosis especially around injection trajectories, but preserving a
homogeneous global conduction. Compared with adjacent zones,
SM and saline implants induce a marginal prolongation of epicardial
wavefront propagation times only evident after extra-stimuli. In this
large mammal model, SM implants did not seem to intrinsically
create significant local re-entry substrates and did not facilitate
ventricular tachyarrhythmias.
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