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Abstract 

There has been repeated concern that
intramyocardial (i.m.) delivery of cells could
cause ventricular arrhythmias. The aim of the
study was to evaluate the pro-arrhythmic
effects of bone marrow stem cell (BMSC)
injection and compare different routes of
administration. An ischemia reperfusion
injury was induced in New Zealand rabbits by
temporal ligation of anterior descending coro-
nary artery. Homologous BMSCs were isolated,
cultured and re-suspended for injection. We
compared different routes of BMSC injections,
intramyocardial (i.m.) versus intravenous
(i.v.) administration of cells. A control group
was treated with i.m. injections of saline. The
hourly number of supra- and ventricular pre-
mature contractions (VPCs), QT interval time
and QTc time were recorded and calculated. At
Day 7 after cell injections, VPCs were more fre-
quent in the groups treated with i.m. BMSCs
and i.m. saline compared with i.v. BMSCs (132
±19; 54±14 and 34±9, respectively; P<0.01
within groups), whereas at Day 21 the number
of VPCs was higher in the 2 groups treated
with either i.m. or i.v. BMSCs compared with
saline (96±23; 52±19 and 25±20, respectively;
P<0.001 within groups). QTc time interval was
prolonged during ischemia, and recovered in
control and in the group treated with i.v. cells,
whereas it remained longer in rabbits treated
with i.m. BMSCs. These findings show that
i.m. BMSC injections induced a high number
of pre-arrhythmic events suggesting changes
in cardiac electrophysiological properties. The
i.v. administration of cells resulted in lower
VPC beats and in a temporary QT prolongation.
These results suggest that the combination of
BMS cells and i.m. injections induced an elec-
trical remodeling that contributed to the devel-
opment of arrhythmias. 

Introduction
The clinical use of stem cells in acute

myocardial infarction has produced conflicting
results.1,2 Although stem cell-based therapy
provides a promising approach to salvage the
damaged heart in most animal experiments,
and to prevent left ventricular remodeling, out-
comes in clinical studies of transplantation of
autologous bone marrow stem cells (BMSCs)
for cardiogenesis or neovasculogenesis have
been inconsistent.3-5 Moreover, there have
been repeated concerns that delivery of stem
cells could cause potentially life-threatening
ventricular arrhythmias.6-8 Indeed, the major
safety issue associated with cardiac cell thera-
py has been the occurrence of sustained ven-
tricular arrhythmias in some of the patients
injected with skeletal myoblasts.7 Menasche
and co-workers suggested that failure of differ-
entiated myotubes to express gap junction pro-
teins resulted in electrically insulated cell clus-
ters which could slow the conduction velocity
of electrical impulses and consequently predis-
pose to re-entry circuits.8

An important issue in regenerative therapy
in acute myocardial ischemia is that therapeu-
tic efficacy and arrhythmia occurrence
induced by cell injection into the post-MI heart
may be affected by the cell delivery route. The
intramyocardial (i.m.) route can deliver cells
selectively into target areas; however, this
method could induce mechanical injury and
subsequent acute inflammation.9,10 In contrast,
the intravenous (i.v.) route can deliver donor
cells more homogeneously with less mechani-
cal damage and inflammation in the myocardi-
um, but the rate of homing and engraftment is
poor.9,10

Previous clinical studies reported rare inci-
dence of arrhythmias after i.m. injection of
BMSCs; however, all patients had been treated
with antiarrhythmic drugs and/or beta blockers
that could have masked the pro-arrhythmic
effect of the treatment.11,12 In addition, contin-
uous monitoring may not be sufficient to ade-
quately examine the occurrence of arrhythmia.
The aim of the present study was to investi-

gate the pro-arrhythmic effects of BMSC injec-
tion by different routes of cell administration
in a pre-clinical model. 

Materials and Methods

Patient selection and study protocol
In 30 New Zealand rabbits (POLISTAB, UNI-

MORE Modena, Italy), mean weight 4.1±0.5
kg, an ischemia/reperfusion injury was
induced by ligation of left anterior descending
coronary artery (LAD). The rabbits were sedat-
ed by intramuscular (quadriceps femoris)

injection of 1-2 mg/kg–1 medetomidyne and 0.7-
1 mg/kg–1 midazolam under the direct supervi-
sion of an animal handler in order to reduce
stress reaction. The marginal auricular vein
was cannulated with a 22 G catheter and saline
infusion was started at 1-1.5 mL/kg/min. An
initial bolus of 2-3 mg/kg–1 of 1% propofol solu-
tion was administered 2 min prior to surgical
positioning and every 5 min to maintain anes-
thesia. A muzzle mask was then positioned
over the nose and mouth, and a bag-valve 0.5-
1 ventilation system was connected to an oxy-
gen supply. Respiratory rate was monitored by
counting reservoir volume variations. A 12-
lead electrocardiogram (ECG) was recorded
throughout the operation. A left thoracotomy
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was made through the fifth intercostal space
and the pericardium was opened. To produce
an anterior ischemia, a distal portion of the
LAD was selected for ligation. The selected
artery was temporarily occluded, and the
extent of ischemia was visually and electrocar-
diographically assessed (ECG ELI 150, Mortara
Rangoni Europe srl., Casalecchio di Reno,
Bologna, Italy). Ischemia lasted 20 min, then
the area was reperfused. A successful induc-
tion of ischemia was confirmed by elevation of
the ST segment by more than 0.2 mV in leads
I, II and aVL. BMSCs were injected by i.v. or by
i.m. route. The surgical delivery of the cells
was performed with a specific syringe
equipped with an angled needle. Animals were
treated as follows: Group 1, i.m. injections of
BMSCs; Group 2, i.v. injection of BMSCs; and
Group 3, i.m. injection of saline (to evaluate
pro-arrhythmic effect of i.m. injections). After
delivery of the cells, a single chest tube was
placed under direct visualization through a 5-
mm site. The chest tube was removed after dis-
connection from positive pressure ventilation.
The edges of the sternum were then brought
together and fixed with Ethilon 5.0 sutures.
The remaining surgical accesses were closed
in two layers. The anesthetic was stopped, the
animal was extubated when appropriate and
allowed to recover. All animals received post-
operative antimicrobial therapy (cephazoline
100 mg/kg i.m. twice/day for 3 days) and
buprenorphine (0.3 mg i.m. twice/day for 3
days) for post-operative pain.

BM cell collection and culture
BMSCs were aspirated from posterior iliac

crest, were cultured and re-suspended in
saline (NaCl 0.9%) for injection at the level of
peri-infarcted zone (6 injections). BMSCs
were isolated by magnetic separation (MACs
Miltenyi Biotec srl., Calderara di Reno,
Bologna, Italy). 

Bone marrow cell culture
Cells were cultured in DMED with 10% fetal

bovine serum, penicillin G (100 U/mL) and
streptomycin (100 U/mL) at 37°C in humid air
with 5% CO2. After 72 h, the cells that were
adherent to the culture flask were maintained
for propagation and non-attached cells were
discarded by 4 changes of medium. BMSCs
were cultured with DMED with 10 μmol/mL
BrdU (Abcam, Biochemicals, Cambridge, UK)
for 48 h in order to make the donor cells for
further identification. Cultured donor cells
were dissociated from the culture dishes with
0.25% trypsin (Life Technologies Europe BV,
Monza, Italy), neutralized with culture medi-
um, and collected by 2000 rpm centrifugation
for 10 min at room temperature according to
the manufacturer’s instructions. Injected
saline included 4¥106 BMSCs (identified by
superficial markers CD34, CD45, CD166) for a

total of 0.2 mL. The nuclei of donor cells were
labeled with BrdU 72 h before transplantation;
70% of nuclei were stained positive for BrdU in
culture.

Electrocardiogram data collection
and analysis
An ECG recording system (RTSoft, Novacor,

Rueil Malmaison Cedex, France) was localized
over the neck of the animals and recordings
were made the day before surgery, for 48 h
after surgery, and then for the next seven days.
The hourly number of supraventricular (SVPC)
and ventricular premature contractions
(VPCs), episodes of sustained ventricular
tachycardia (VT), ventricular fibrillation (VF) ,
the morphological change over the follow up,
and QT time were calculated and analyzed by
using specific ECG analysis software.
Electrocardiogram QT time and cycle length

(RR interval) were measured manually using
calipers. Leads II, aVL, and aVF were recorded
before, during, and after the vessel occlusion
at an ECG sweep of 25 mm/s and amplitude cal-
ibration at 10 mm/mV. Time intervals (QT and
RR) were measured in at least five consecutive
cardiac cycles and mean values were calculat-
ed. QT intervals were measured from the earli-
est onset of the QRS complex to the end of the
T-wave. 
Using an intraindividual approach, the

same lead was used consistently for all meas-
urements. The point of T-wave offset was
defined as the return of the T-wave to baseline.
Baseline and occlusion measurements were
performed in the same lead. All QT intervals
were adjusted for corresponding heart rates.
Corrections were performed using the
Framingham Formula.13

Framingham: QTc(FH) = QT + 0.154(1000 – RR) 
(QT and RR in ms)

The animals were monitored for the next 21
days (time of sacrifice). After sacrifice, the
infarcted zone was divided into 6 consecutive
parts, numbered 1-6: part 1was in the zone
nearest to the upper part of the heart and part
6 in that nearest to the apex. The 6 parts were:
right and left ventricles, right and left atria,
and interventricular and interatria septa.
These parts of the heart allowed us to make a
thorough study of cell implantation. cTn I anti-
body (mouse source IgG1, anti rabbit, Sigma)
and BrdUrd antibody (mouse source IgG1,
IGN) were made for double marking immuno-
histochemical examination. 
All animals received care in compliance with

the European Convention on Animal Care.
Animal care was provided by the same trained
operator in order to reduce stress. The study
was approved by the Research Animal Care and
Use Committee of the University of Modena
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Table 1. Baseline characteristics of the 3 groups of animals before surgery. 

BMSCs i.m. injection BMSCs i.v. injection Saline i.m.

Weight (Kg) 4.1±0.6 4.0±0.4 4.1±0.7
Female/male 4/4 5/3 5/3
Heart rate (b/min) 200±16 201±10 196±18
QTc (ms) 422±16 419±20 420±25
VPC at Day 0 before surgery 11±4 13±6 14±5
SVPC at Day 0 before surgery 22±6 19±7 20±3
BMSCs, bone marrow stem cells; QTc, corrected QT interval; VPC, ventricular premature contraction; SVPC, supra-ventricular premature
contraction. Data are expressed as mean +SD.

Table 2. Parameters from electrocardiogram analysis. 

BMSCs i.m. injection BMSCs i.v. injection Saline i.m.

Heart rate at Time 0 (b/min) 200±16 201±10 196±18
Heart rate during ischemia (b/min) 186±20 199±25 184±23
Heart rate at Day 7 (b/min) 202±21 210±21 208±14
Heart rate at Day 21 (b/min) 200±24 198±22 203±19
VPC at Time 0 (hourly) 11±4 13±6 14±5
VPC at Day 7 (hourly) 132±19 ** 34±9** 54±14**
VPC at Day 21 (hourly) 96±23 ** 52±19 ** 25±20
QTc at Time 0 (ms) 418±16 416±20 415±25
QTc during ischemia (ms) 432±21* 427±23* 434±28*
QTc at Day 7 (ms) 429±19* 421±19 426±29
QTc at Day 21(ms) 430±21** 410±34 408±30
BMSCs, bone marrow stem cells; VPC, ventricular premature contraction; QTc, corrected QT interval; Time 0, day before surgery; *P<0.05 vs
Time 0 (pre-ischemia); **P<0.001 vs time 0 (pre-ischemia).
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and Reggio Emilia (Italy) (prot. n. 25,
18/03/2008 and prot. n. 83, 25/09/2009).

Timing of follow up
ECG was recorded by using a commercial

Holter; recording was started from the day
before surgery (Time 0), continued during the
entire surgical procedure (Time 1), and for the
seven days following surgery (Time 2). A 24-h
ECG-Holter was performed at Day 21 before
sacrifice (Time 3). 

Statistical analysis
SPSS software, version 14.0.1 (SPSS Inc.,

Chicago, Ill, USA), was used for statistical analy-
sis. Comparison of data between groups was per-
formed by ANOVA. The t-test was used to com-
pare data obtained by animals of the same
group. P<0.05 was considered statistically sig-
nificant. All data are expressed as mean +SD.

Results

Of the initial group of 30 rabbits, 6 rabbits
developed intractable ventricular fibrillation
during the experimental protocol (3 during
coronary ligation but before cell injections, 3
following i.m. injections), and these 6 were
excluded from the study. Each of these 6 rab-
bits showed a small pericardial effusion after
opening the pericardium; however, no histo-
logical changes were found. The remaining 24
rabbits were evaluated for 21 days before sac-
rifice (mean 22±2 days). There were no differ-
ences in hemodynamic parameters at baseline
between the experimental groups (Table 1). 
During the acute phase of ischemia induc-

tion, we registered 3 episodes of reversible
ventricular tachycardia (VT) and one episode
of ventricular fibrillation successfully car-
dioverted. We also reported 4 episodes of

reversible VT occurring at Day 3 and Day 4 in 2
animals treated with cell injection into the
myocardium, whereas no VT was observed in
rabbits treated with i.v. injections of cells.
Figure 1 shows several VPCs recorded during
the ischemia/reperfusion protocol. At Day 7
after surgery, VPCs were more frequent in the
groups of animals that had received i.m. injec-
tions of BMSCs or saline compared to animals
that had received i.v. administration of BMSCs
(132±19; 54±14 and 34±9, respectively;
P<0.01 within groups), whereas at Day 21 the
number of VPCs was higher in the group treat-
ed with BMSCs compared with saline (96 +23
BMSCs i.m. vs 52 +19 BMSCs i.v. vs 25 +20
saline i.m.; P<0.001 within groups) (Table 2).
Comparison between the 3 groups is shown

in Figure 2. During the follow up, we observed
an increase in heart rate during meals and in
relation to acute stress (i.e. presence of human
care). No lethal ventricular events were
observed during follow up.
Mean QTc interval for animals during occlu-

sion of the LAD increased in all groups, where-
as in the group treated with i.m. injections it
remained more prolonged than in the group
treated with i.v. injections. After 21 days, QTc
was prolonged in the group treated with i.m.
injections of BMSCs from 418±16 (pre-
ischemia) to 429±19 (at Day 7) to 430±21 (at
Day 21) (Figure 3).
Macroscopically, ligation of a distal portion

of the LAD resulted in a relatively small, near
transmural infarct in the apical part of the left
ventricle. At necropsy, histopathology showed
absence of chronic inflammatory cell infil-
trates or evidence of rejection. However, sever-
al inflammatory cells and white foci were pres-
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Figure 1. Electrocardiogram recording during ischemia/reperfusion protocol showing sev-
eral ventricular premature contractions. 

Figure 2. Comparison between the 3 groups: number of ventricu-
lar premature contractions in animals treated with i.m. injections
of bone marrow stem cells (BMSCs) compared with groups of ani-
mals treated with i.v. BMSCs or saline (**P<0.001 vs day 0). Full
black bars, BMSC i.m.; white bar with vertical black lines bars,
BMSC i.v.; full white bars, saline i.m.

Figure 3. Mean QTc interval in the different groups of treatment
over time (*P<0.01 vs Day 0).
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ent on the endomyocardial surface across all
groups. These were higher in the group of ani-
mals that received i.m. injections compared to
those receiving i.v. injections. During the 21
days following cell transplantation, it was
observed that the BrdU-labeled cells at the
implanted area were forming cell islets isolat-
ed from the native cardiomyocytes. In addition,
few BrdU-stained cells were turned to muscle-
like cells and stained positively for troponin I. 

Discussion

The present study reported on the proar-
rhythmic effects of BMSC administration in a
pre-clinical cardiac ischemia/reperfusion
model. The major finding of this study was that
the i.m. route of administration induced more
ventricular arrhythmic events than systemic
administration. Animals receiving BMSCs
developed more VPCs and a prolongation of QT
time intervals compared with rabbits that
received saline injections, suggesting a poten-
tial role of cell engraftment in the mechanisms
of arrhythmias. 
Arrhythmia occurrence induced by cell

injection into the injured heart can be affected
by the cell delivery route. The i.m. route deliv-
ers cells selectively into target areas; however,
these cells tend to form islet-like cell clusters
that are isolated from the host myocardium.
Such local heterogeneity in the myocardium is
considered a potential source of arrhyth-
mias.9,10 In contrast, the i.v. route of cell admin-
istration is affected by a low rate of sustained
cell retention due to the cell residue in the
syringe and to the cell leakage caused by the
myocardial ‘squeezing’ effect. Subsequently, a
great number of the initially retained cells die.
The present study was designed to evaluate

the pro-arrhythmic effects of cell injection.
During the acute phase of myocardial
ischemia, the i.m. administration of cells
induced a greater number of VPCs and ventric-
ular events compared to intravenous adminis-
tration. However, even i.m. injections of saline
induced more VPCs compared with intra-
venous administration of cells, suggesting a
pro-arrhythmic effect of the direct injection.
During the acute phase, i.m. injections could
act as a trigger for VPCs and VT irrespective of
the presence or absence of cells in the saline
solution. The mechanism seems to be related
to mechanical injury inflicted by needle, as
shown by the presence of inflammatory cells
and white foci. To better evaluate the electro-
physiological changes, we analyzed QT time
and QTc time with respect to different groups
of treatment. During injections, the QT and
QTc times were prolonged in all 3 groups.
However, at Day 7, the QTc was prolonged only
in the two groups that were treated with i.m.

injections. During ischemia, prolongation of
QT and QTc time was strongly related to the
ischemia/reperfusion injury. Nevertheless, at
Day 7, the QTc time was prolonged only in the
2 groups treated with i.m. injection, independ-
ently of the presence or absence of cells. The
prolonged QTc times registered in the group of
animals treated with i.m. injections suggested
that the injections were associated with
changes in cardiac electrophysiological proper-
ties. It is well known that ischemia induces a
prolongation of QT interval due to prolonged
action potential duration,14,15 and that QT pro-
longation and QT variation are strongly related
to sudden cardiac death.16,17 Heterogeneity in
conductance time and recovery period repre-
sents a dangerous background for re-entry
arrhythmias. In our population, the QTc pro-
longation was induced by electrical remodeling
probably related to the inflammatory substrate
induced by needle injury. This hypothesis
needs to be confirmed by further studies eval-
uating serial histological changes after cell
injections. 
Data recorded at Day 21 from ischemia

induction showed a greater number of VPCs
and a persisting QTc time prolongation in ani-
mals treated with i.m. injections of BMSCs
compared with animals treated with i.m.
saline, suggesting a pro-arrhythmic effect
strictly related to BMSCs. The pro-arrhythmic
status could be related to an incomplete differ-
entiation of cells toward cardiomyocytes. We
found isolated groups of cells within the
ischemic areas. These islets could promote a
mechanical reentry. The differentiation of
BMSCs into cardiomyocytes is not always asso-
ciated with cell-cell communication, which in
the myocardium is mediated by many different
factors, i.e. gap-junction mediated cell con-
tacts, cell-matrix interactions, and signaling
through adhesion molecules.14,15 It is plausible
that the initial differentiation of cells lacks
cell-cell communication. The relative immatu-
rity of cells used for cell transplantation may
increase the risk of potential mismatch with
the adult host cardiomyocytes. The mechanism
of pro-arrhythmic status was related to a
mechanical re-entry, due to isolated trans-
planted cells acting synergistically with the
electrical remodeling suggested by the persist-
ence of QT prolongation. 

Conclusions

I.m. injections of BMSCs induced an electri-
cal instability, as shown by a high number of
VPCs and a longer QTc time, as compared with
i.m. injections of saline and with intravenous
administration of BMSCs. The pro-arrhythmic
status was related to the needle injury during
injections and to the electrical remodeling

induced by BMSCs administration. These pre-
liminary data need to be confirmed by further
studies evaluating a longer follow up before
translating information into clinical studies.
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