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SUMMARY

Acute myocardial infarction is one of the major causes of mortality worldwide. For

regeneration of the rabbit heart after experimentally induced infarction we used

autologous skeletal myoblasts (SMs) due to their high proliferative potential, resis-

tance to ischaemia and absence of immunological and ethical concerns. The cells

were characterized with muscle-specific and myogenic markers. Cell transplantation

was performed by injection of cell suspension (0.5 ml) containing approximately

6 million myoblasts into the infarction zone. The animals were divided into four

groups: (i) no injection; (ii) sham injected; (iii) injected with wild-type SMs; and (iv)

injected with SMs expressing connexin43 fused with green fluorescent protein

(Cx43EGFP). Left ventricular ejection fraction (LVEF) was evaluated by 2D echocar-

diography in vivo before infarction, when myocardium has stabilized after infarc-

tion, and 3 months after infarction. Electrical activity in the healthy and infarction

zones of the heart was examined ex vivo in Langendorff-perfused hearts by optical

mapping using di-4-ANEPPS, a potential sensitive fluorescent dye. We demonstrate

that SMs in the coculture can couple electrically not only to abutted but also to

remote acutely isolated allogenic cardiac myocytes through membranous tunnelling

tubes. The beneficial effect of cellular therapy on LVEF and electrical activity was

observed in the group of animals injected with Cx43EGFP-expressing SMs. L-type

Ca2+ current amplitude was approximately fivefold smaller in the isolated SMs com-

pared to healthy myocytes suggesting that limited recovery of LVEF may be related

to inadequate expression or function of L-type Ca2+ channels in transplanted differ-

entiating SMs.
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Ischaemic heart disease and myocardial infarction (MI) lead

among the major causes of mortality worldwide. Heart fail-

ure following MI results from acute loss of myocytes in the

infarction zone and pathologic remodelling of the ventricle.

In animal models, the experimental MI causes death of 5–

30% of the myocytes in the heart (Mani & Kitsis 2003). As

natural mechanisms of heart self-renewal have a low poten-

tial, the replacement of lost cardiomyocytes (CMs) is the

main goal of heart regeneration. Among many other types

of stem cells considered for regeneration of the heart
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(reviewed in Henning 2011; Shah and Shalia 2011; Hassan

et al. 2014), autologous skeletal myoblasts (SMs) are accept-

able candidates due to their high proliferative potential,

resistance to ischaemia, easy isolation from muscle biopsy,

and absence of tumorigenicity, immunological and ethical

concerns. Animal studies have shown a positive effect of

autologous SM transplantation on heart function (Durrani

et al. 2010; Kolanowski et al. 2014), but the data obtained

from phase I clinical trials, which failed to demonstrate

functionally effective heart regeneration after infarction, are

controversial (Menasche et al. 2008; Seidel et al. 2009;

Brickwedel et al. 2014). The efficiency of SMs can be

improved using cells overexpressing prosurvival genes (such

as Akt) or angiogenesis-initiating genes (such as vascular

endothelial growth factor) (Mangi et al. 2003; Haider et al.

2004) or preconditioning SMs with growth factors (Kofidis

et al. 2004; Kanemitsu et al. 2006; Haider et al. 2008;

Haider & Ashraf 2009). As donor cell death in the cardiac

muscle is mainly caused by oxidative stress and inflamma-

tion, heat treatment has also been shown to contribute to

the improvement of the efficiency of stem cell therapy (Su-

zuki et al. 2000; Nakamura et al. 2006; Kojima et al. 2007;

Yang et al. 2007). Our recent study has demonstrated that

in SMs, hyperthermia may stimulate the expression of total

Cx43 protein and improve gap junction (GJ) function

(Antanaviciute et al. 2014a).

The main disadvantage of SM application is an increased

risk of ventricular tachyarrhythmias (Fernandes et al. 2006;

Sherman et al. 2009). The pathogenesis of these arrhythmias

is poorly understood. One of the reasons may be downregu-

lation of endogenous GJ protein connexin43 (Cx43) during

SM differentiation (Balogh et al. 1993; Reinecke et al.

2000; Menasche 2009). It has been shown by other authors

that transplanted SMs cannot transdifferentiate into CMs

and are committed to form the skeletal muscle in the heart

(Murry et al. 1996; Reinecke et al. 2002). Implanted SMs

proliferate up to 3 days and then differentiate to form multi-

nucleated myotubes without electromechanical coupling

between host CMs because the expression of two key pro-

teins, N-cadherin and connexin, which are involved in elec-

tromechanical cell integration, is downregulated in vivo

(Reinecke et al. 2000; Leobon et al. 2003). Cx43 is the

most abundant GJ protein in the ventricular myocardium

responsible for electrical and metabolic communication

between CMs. Therefore, the overexpression of Cx43 could

be a useful strategy to improve the therapeutic benefit of

SMs. For example, enhanced GJ formation between SMs

and CMs and decreased arrhythmogenicity were observed

when SMs overexpressing Cx43 were transplanted into the

heart (Abraham et al. 2005; Roell et al. 2007; Kolanowski

et al. 2014). However, in the study by Fernandes et al.

(2009) improved electrical coupling after implantation of

SMs expressing exogenous Cx43 was not sufficient to pre-

vent ventricular arrhythmias. The benefit is associated with

efficient electrical incorporation of engrafted cells into the

infarcted myocardium where the majority of myocytes are

lost. It is not clear how transplanted cells synchronize with

remote host myocytes under such acute conditions. More-

over, there are no data on how the transplantation of Cx43-

transfected SMs affects mechanical function and electrical

activity of the ventricles after MI.

In this study, we used the acute MI model to examine the

effect of endocardial transplantation of autologous SMs

transfected with Cx43EGFP on electromechanical function

of the rabbit heart and discussed advantages and limitations

of this approach. The novelty of our results is following: (i)

our study is the first demonstrating the effect of Cx43-trans-

fected SM transplantation on the recovery of left ventricular

ejection fraction (LVEF) after infarction by 2D echocardiog-

raphy; (ii) we used the potential sensitive optical dye di-4-

ANEPS to demonstrate the impact of SM transplantation on

the recovery of electrical activity in infarcted ventricles; (iii)

we confirmed that SMs can form GJs with abutted CMs and

demonstrate for the first time that SMs can couple electri-

cally to the remote myocytes through membranous tunnel-

ling tubes (TTs); and (iv) our results suggest that the limited

recovery of LVEF may be related to inadequate expression

or function of L-type Ca2+ channels in transplanted differen-

tiating SMs.

Materials and methods

Isolation and culturing of SMs

Autologous SMs were isolated one month before MI induc-

tion. A piece of the femoral skeletal muscle (0.5 cm3) of a

New Zealand white rabbit was taken under general anaes-

thesia and placed into the transportation medium [Iscove’s

modified Dulbecco’s medium (IMDM) with antibiotics, pen-

icillin 300 U/ml and streptomycin 300 lg/ml]. The tissue

was mechanically cut into smaller pieces and treated with

an enzyme mixture: 1 mg/ml collagenase type V, 0.3 mg/ml

hyaluronidase IV-S, 0.125% trypsin and 0.1% EDTA in

PBS. After washing with IMDM, the cells were seeded in

flasks with a culture medium (IMDM, 10% FBS, penicillin

100 U/ml and streptomycin 100 lg/ml).

Ethical Approval

Our investigation conforms to the European Community

guidelines for the care and use of animals (86/609/CEE,

CE Off J no. L358, 18 December 1986). The licence for

the use of laboratory animals (No. 0171, 31 October 2007)

was received from the Lithuanian Food and Veterinary

Service.

Immunocytochemistry

The cells grown on glass coverslips were fixed with 4%

paraformaldehyde for 15 min. Then, the cells were washed

with PBS and incubated in PBS with 0.2% Triton X-100 for

3 min to permeabilize membranes. After blocking in PBS

with 1% BSA for 1 h, the coverslips were incubated with

primary antibodies against desmin and myogenin (Abcam,
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Cambridge, UK) or Cx43 (Transduction Laboratories,

Lexington, KY, USA) for 1 h at 37°C, then rinsed in PBS

with 1% BSA and incubated with secondary antibodies con-

jugated with ChromeoTM 488 or Cy5 (Abcam). Analysis was

performed by the Olympus imaging system composed of the

Olympus IX81 microscope (Olympus Europe holding

GmbH, Hamburg, Germany) with the Orca-R2 cooled digi-

tal camera (Hamamatsu Photonics K.K., Hamamatsu City

Japan), fluorescence excitation system MT10 (Olympus Life

Science Europa GmbH, Hamburg, Germany) and fluores-

cence imaging system XCELLENCE (Olympus Soft Imaging

Solutions GmbH, M€unchen, Germany).

Cell transfection with Cx43EGFP

The Cx43EGFP plasmid (Bukauskas et al. 2001) was trans-

fected into cultured SMs using LipofectamineTM 2000 and

following the manufacturer’s recommended protocol (Invi-

trogen, Carlsbad, CA, USA). Transfection efficiency was

tested by Western blot (WB). The formation of Cx43EGFP

GJs was visualized by the Olympus imaging system and

examined by the dual whole-cell patch-clamp technique.

The cells were cultured in the presence of 300–500 lg/ml

geneticin to obtain a stable transfected cell line.

Immunoblot assay

Cells were lysed in ice-cold lysis buffer (50 mM Tris pH

7.5, 50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 50 mM

NaF, 1% Triton X-100, 1 mM b-glycerophosphate, 1 mM

Na3VO4 and protease inhibitor cocktail 1:50). Then samples

were centrifuged at 13,000 g and 4°C for 15 min, and su-

pernatants were placed into new Eppendorf tubes. Protein

concentrations were estimated by the Bradford assay (Bio-

Rad, Berkeley CA, USA). Before loading onto the gel,

protein samples were dissolved in loading buffer [39 SDS

sample buffer: 188 mM Tris-HCl (pH 6.8), 4% SDS, 30%

glycerol, 2% b-mercaptoethanol, 0.02% bromophenol blue]

at a final 19 concentration and heated at 95°C for 5 min.

Equal amounts of protein were separated by SDS-PAGE on

10% acrylamide gels. The proteins separated on the gel

were transferred to the PVDF membrane (GE Healthcare,

CA, USA) and then were blocked with blocking buffer con-

taining 5% low-fat milk or 5% BSA in TBST (50 mM Tris

pH 7.6, 150 mM NaCl, 0.05% Tween-20) for 1 h at room

temperature. PVDF membranes were probed with primary

antibodies against Cx43 for detection of endogenous Cx43

in case of wild-type SMs (Transduction Laboratories) and

GFP for detection of only exogenous Cx43EGFP in case of

Cx43EGFP-transfected SMs (Invitrogen) in TBST with 5%

BSA for 24 h at 4°C and after washing with TBST solution

were incubated for 1 h at room temperature with secondary

antibodies – goat anti-mouse and goat anti-rabbit Fab frag-

ment, respectively, conjugated with alkaline phosphatase

(Invitrogen). Proteins were visualized by the alkaline phos-

phatase method (Carl Roth GmbH & Co. KG, Karlsruhe,

Germany).

Induction of MI and transplantation of SMs

New Zealand white rabbits of both genders, aged 6–
12 months and weighing 3.0–3.5 kg, were used in this

study. The rabbits were anaesthetized with Bioketan

(35 mg/kg) and Xylazine (5 mg/kg) and mechanically venti-

lated at 60 breathes/min through a 3.0- to 3.5-mm endotra-

cheal tube without manchette. Glucose solution (5%) was

injected intravenously during anaesthesia. The heart was

exposed by a left thoracotomy incision via the 4-5 intercos-

tal space. The left anterior descending coronary artery was

ligated with a 7-0 monofilament polypropylene suture in the

middle or S6–S7 segments. Before operation, the rabbits

were treated with antibiotics Enroxil (5%, 0.5 ml/kg); after

operation, 1 ml of Rapidexon (nonsteroidal anti-inflamma-

tory drug) 1 time/day (3 days), 1 ml of Novasul (analgesic)

1–2 times/day (for 3 days) and Enroxil (5%, 0.1 ml/kg)

1 time/day (5 days) were administered.

One hour after induction of MI, 0.5 ml of IMDM con-

taining approximately 6 million cells or 0.5 ml of only

IMDM was injected into the MI region through a 30-gauge

needle at 8–10 sites. Before transplantation, wild-type SM

membranes were labelled with PKH26, a fluorescent dye,

following the manufacturer’s recommended protocol.

Echocardiography

Left ventricular (LV) systolic function was monitored under

general anaesthesia by 7-MHz Acuson Cypress ultrasound

equipment before MI, after MI and periodically within

3 months after myoblast transplantation. LVEF was calcu-

lated using the modified Simpson’s rule. LV wall motion

score index (WMSI) was derived as a sum of wall motion

scores of 16 individual LV segments (Figure 3a) divided by

the number of segments visualized (Schiller et al. 1989).

Each segment was given a score based on its systolic func-

tion: 1, normal kinetics (grey); 2, hypokinesis (green); 3, aki-

nesis (yellow); 4, dyskinesis (red); and 5, aneurism.

Optical mapping of cardiac electrical activity

The rabbits were anaesthetized intravenously with an injec-

tion of sodium thiopental (50 mg/kg) together with anti-

coagulant heparin (1000 U/kg). The hearts were quickly

removed and placed into the St. Thomas solution. Then the

modified Langendorff system was used to perfuse the hearts

with oxygenated Solution #1 (see subchapter Solutions

below) at 37°C at a flow rate of 17–18 ml/min. To elimi-

nate movement artefacts contraction of the heart was

arrested by adding 20 lM (�)-blebbistatin and 5 mM 2,3-

butanedione monoxime (BDM). di-4-ANEPPS (20 ml,

10 lM), a potential sensitive dye, was applied to the heart

by adding it to the perfusion solution. The dye was excited

with 520-nm light, and emitted light was filtered at 650 nm

and recorded with the cooled fast Andor iXon EMCCD

camera (iXonEM + DU-860; Andor Technology, Belfast,

UK) using the imaging software (Andor SOLIS x-3467;

International Journal of Experimental Pathology, 2015, 96, 42–53

44 I. Antanavi�ci�ut _e et al.



Andor Technology, Belfast, UK). Optical action potential

records were taken from the 5 9 5 pixel area using the IMA-

GEJ 1.45S software (public domain, NIH, Bethesda, MD,

USA). For measurements of electrical activity regions of

interest were selected in the healthy and infarction zones.

Enzymatic isolation of rabbit cardiac myocytes

For isolation of heart cells the rabbits were anaesthetized as

described above. The atria were removed from the Lange-

ndorff-perfused heart, cut into small pieces (approximately

1 mm3) and washed twice in Solution #2 with 30 mM

BDM added to protect the tissue from hypoxic injury. Then

the tissue was placed in a 25-ml flask with 10 ml of cal-

cium-free Solution #2 containing 5 mg/ml fatty acid-free

BSA, 180 U/ml collagenase (Type II; Worthington, Lake-

wood, NJ, USA) and 7 U/ml protease (Type XXIV) and agi-

tated for 30 min at 37°C. Afterwards the solution was

replaced by 10 ml of fresh Solution #2 containing 280 U/ml

collagenase (Type II; Worthington) and BSA. After 15- to 20-

min agitation, the digestive solution was replaced by a fresh

one, and agitation was continued. The procedure was

repeated until adequate dissociation (after 45–60 min) was

achieved. All steps were carried out at 37°C with continuous

gassing with 100% O2. Then, the cell suspension was filtered

through a 250-lm pore mesh, the cells were settled down and

centrifuged at 500 rpm for 1 min, and the pellet was gently

resuspended in enzyme and calcium-free Solution #1.

Coculturing of myoblasts and allogenic cardiac myocytes

The CMs were platted on laminin- (0.1 mg/ml) and poly-L-

lysine-coated (0.1 mg/ml) glass coverslips and then placed in

an incubator (37°C, 5% CO2) for 10 h until adhesion

occurred. The unattached CMs were removed, and SM sus-

pension was applied. The plates with glass coverslips were

placed in an incubator (37°C, 5% CO2) for at least 4 h to

allow SMs and CMs to form intercellular connections.

IMDM containing 10% FBS, 100 U/ml penicillin, 100 lg/ml

streptomycin and 10 mM BDM was used as a coculture

medium.

Patch-clamp measurements

For electrophysiological recordings, glass coverslips with

SMs and CMs were transferred to the experimental chamber

with constant flow-through perfusion mounted on the stage

of the inverted microscope Olympus IX81. Junctional

conductance between the SM and the CM (abutted or con-

nected through TTs) was measured using the dual whole-cell

patch-clamp technique. Cell 1 and cell 2 of a cell pair were

voltage clamped independently with the patch-clamp ampli-

fier MultiClamp 700B (Molecular Devices, Inc., Sunyvale,

CA, USA) at the same holding potential (V1 = V2). Voltages

and currents were digitized using the Digidata 1440A data

acquisition system (Molecular Devices, Inc.) and analysed

using the PCLAMP 10 software (Molecular Devices, Inc.). By

stepping voltage in the cell 1 (DV1) and keeping the other

constant, junctional current was measured as a change in

current in the unstepped cell 2 (Ij = DI2). Thus, gj was

obtained from the ratio �Ij/DV1, where DV1 is equal to

transjunctional voltage (Vj), and a negative sign indicates

that junctional current measured in the cell 2 is oppositely

oriented to the one measured in the cell 1. To minimize the

effect of series resistance on gj measurements (Wilders &

Jongsma 1992), we maintained pipette resistances below

3 MOhms. Patch pipettes were pulled from borosilicate

glass capillary tubes with filaments. Experiments were per-

formed at room temperature in Solution #3. Patch pipettes

were filled with Solution #4.

To record ICa,L, the cells were depolarized every 8 s from

a holding potential of �80 mV by a short prepulse (50 ms)

to �50 mV and then to 0 mV for 400 ms. Prepulse and/or

application of TTX were used to eliminate fast sodium cur-

rents. K+ currents were blocked by replacing all K+ ions

with intracellular and extracellular Cs+.

Histological analysis

Histological analysis of LV sections was performed using

Axio Imager Z1 (Carl Zeiss, Oberkochen, Germany) and

software AxioVision 4.7.1 (Carl Zeiss). The slices were

stained with haematoxylin/eosin and were analysed under a

light microscope. If the cells before transplantation were

transfected with Cx43EGFP or labelled with DAPI and

PKH26, fluorescence microscopy was applied.

Solutions

All reagents were purchased from Sigma-Aldrich Corp.

(Steinheim, Germany) unless otherwise specified.

Solution #1 is Tyrode solution (in mM):

NaCl, 135; KCl, 5.4; CaCl2, 1.8; MgCl2, 0.9; NaH2PO4,

0.33; glucose, 10; and HEPES, 10 (pH 7.4 adjusted with

NaOH).

Solution #2 is modified calcium-free Tyrode solution

(in mM):

NaCl, 120; KCl, 5.8; NaHCO3, 4.3; KH2PO4, 1.3;

MgCl2, 1.5; glucose, 14.1; and HEPES, 20 (pH was

adjusted to 7.15 with NaOH).

Solution #3 is Krebs–Ringer solution (in mM):

NaCl, 140; KCl, 4; CaCl2, 2; MgCl2, 1; glucose, 5;

pyruvate, 2; HEPES, 5 (pH 7.4).

Solution #4 is patch pipette solution (in mM):

KCl, 130; Na aspartate, 10; MgATP, 3; MgCl2, 1;

CaCl2, 0.2; EGTA, 2; HEPES, 5 (pH 7.3).

Statistical analysis

The data are reported as means � SEM. Statistical analysis

was performed using the Student’s t-test or ANOVA analysis

with the post hoc Bonferroni test. Differences were consid-

ered statistically significant at P < 0.05.
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Results

Characterization of rabbit skeletal muscle-derived cells

Desmin, a muscle-specific marker, was used to evaluate the

purity of SM cultures prepared from the rabbit femoral

muscle (Zhu et al. 2010). The overwhelming majority

(99%) of the cells were desmin positive (Figure 1a). Myoge-

nin, a myogenic differentiation marker, was observed in

approximately 80% of the cell nuclei (Figure 1b). Fig-

ure 1(c,d) shows the expression of endogenous Cx43WT

and exogenous Cx43EGFP, respectively, and the formation

(a) (b)

(c) (d)

(e) (f)

Figure 1 Characterization of skeletal myoblasts. (a) Desmin (blue nucleus labelled with DAPI), (b) myogenin, (c) endogenous
Cx43WT labelled with anti-Cx43, (d) exogenous Cx43EGFP, (e) expression of endogenous Cx43 in different cell lines (CM1-CM5)
and (f) expression of exogenous Cx43EGFP in different cell lines (CM6-CM9). CM, cardiomyocyte.

(a) (b)

Figure 2 Dynamics of changes in LV ejection fraction. (a) Measurements of left ventricular ejection fraction (LVEF) before
myocardial infarction (MI); when the myocardium has stabilized after MI, and 3 months after MI. (b) Relative LVEF in groups after
MI, relatively to control (left panel; each bar is derived from the respective measurement in (a) and expressed as a ratio of LVEF
values at MI and at Control); and 3 months after MI, relatively to respective MI (right panel; each bar is derived from the respective
measurement in (a) and expressed as a ratio of LVEF values at 3 months after MI and at MI). n = 5 in each group. LV, left
ventricular.
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of GJ plaques between SMs in the culture. The SMs express-

ing Cx43EGFP in vitro formed functional GJ plaques,

visible as multiple 1- to 5-lm green dots. The mean conduc-

tance between only Cx43WT-expressing SMs and between

Cx43EGFP-transfected SMs was 9 � 1 nS (n = 15; varied

from 2 to 18 nS) and 15 � 2 nS (n = 20; varied from 2 to

29 nS; P < 0.05), respectively, as measured by the dual

whole-cell patch-clamp technique. Also, in the selected cell

lines, we verified the expression of Cx43WT and Cx43EGFP

proteins by WB using anti-Cx43 and anti-GFP antibodies

respectively (Figure 1e,f).

Evaluation of cardiac function and survival of engrafted
cells

According to the procedures performed after MI, the ani-

mals were subdivided into four groups: (i) SM/WT (n = 5):

rabbits injected with wild-type SMs (approximately 6 mil-

lion cells in 0.5 ml IMDM; labelled with PKH-26); (ii) SM/

Cx43EGFP (n = 5): rabbits injected with Cx43EGFP-trans-

fected SMs (approximately 6 million cells in 0.5 ml IMDM);

(iii) Sham (n = 5): rabbits injected with a cell culture med-

ium (0.5 ml IMDM); and (iv) MI (n = 5): untreated rabbits

(no cell or medium injection).

Left ventricular ejection fraction. After MI, LVEF

decreased in all groups by 26 � 4.5% (P < 0.01). To evalu-

ate the effect of stem cell therapy, we measured LVEF at

3 months after MI. Dynamics of changes in LVEF is shown

in Figure 2(a,b). After the acute period of MI, LVEF contin-

ued to decrease in the MI group (additional drop by

16.3 � 3.6%; P < 0.05), remained stable in the Sham and

SM/WT groups (96.5 � 7.2%; and 100.7 � 2.2%, respec-

tively; P > 0.05) and increased in SM/Cx43EGFP group

(106 � 4.1%; P > 0.05). Figure 2(b) (right panel) shows

(a)

(b)

Figure 3 Evaluation of left ventricular (LV) regional function by
2D echocardiography. (a) Myocardial infarction (MI) caused a
reduction of LV contractility evaluated in 16 segments (grey,
normal kinetics; green, hypokinesis; yellow, akinesis; red,
dyskinesis). (b) Comparison of LV WMSI dynamics between
experimental groups. WMSI, wall motion score index.

(a)

(c)

(b)

Figure 4 Electrical activity in Langendorff-perfused rabbit hearts measured by optical mapping. (a) Electrical activity was measured
in the healthy myocardium (blue circle) and infarction zone (red circle). Artery ligation site is indicated by rectangular. (b) Relative
values of electrical activities in the examined groups (*P < 0.05 between myocardial infarction (MI) and MI + SM/Cx43EGFP
groups). (c) Normalized typical optical action potentials in the healthy (blue traces) and infarction (red traces) zones of MI, SM/WT
and SM/Cx43EGFP groups. SM, skeletal myoblast.
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that only SM/Cx43EGFP group demonstrated a significant

improvement in LVEF 3 months after infarction as

compared to the MI group (P < 0.05).

LV regional function. Dynamics of changes in the LV

WMSI was evaluated by 2D echocardiography (Figure 3a,

b). The WMSI dramatically increased during the acute per-

iod of MI in all groups and continued to increase in the MI

group, remained stable in the Sham and SM/WT groups and

slightly recovered in the SM/Cx43EGFP group at 3 months

after MI (P < 0.05 compared to the MI group).

Electrical activity in the healthy and damaged zone of the

heart was measured ex vivo in Langendorff-perfused hearts

by optical mapping using di-4-ANEPPS, a potential sensitive

fluorescent dye (Figure 4a). Electrical activity in the MI zone

as compared with the healthy zone was 4.8 � 0.1,

3.3 � 0.1 and 2.0 � 0.2 fold lower in the MI, SM/WT and

SM/Cx43EGFP groups respectively (Figure 4a). The signifi-

cant recovery of electrical activity 3 months after MI was

achieved only in the SM/Cx43EGFP group compared with

the MI group (P < 0.05). Optical recordings of typical

action potentials in the healthy and infarction zones are

shown in Figure 4(a).

(a)

(b)

Figure 5 Comparison of ICa,L amplitudes in healthy
cardiomyocytes (CMs) and implanted skeletal myoblasts (SMs).
(a) Cx43EGFP-transfected SM cluster identified during
enzymatic isolation from the specimen of the infarction zone.
(b) Typical amplitudes of the ICa,L measured in the healthy
CMs and SMs derived from the infarction zone.

(a)

(b)

(C)

Figure 6 Anatomical and histological preparations of the left
ventricle 3 months after SM implantation. (a) Epicardial view of
the left ventricle with the outlined infarcted zone (arrow indicates
the site of ligation of the left anterior descending coronary
artery). (b) The cross-sectioned wall of the left ventricle shown in
(a) stained by eosin and haematoxylin method to illustrate the
healthy and infarcted myocardium. A dotted line demarcates the
normal and infarcted myocardium. (c) The MI zone with
accumulation of Cx43EGFP-expressing CMs (encircled). Nuclei
are stained with DAPI (blue). CMs, cardiomyocytes; MI,
myocardial infarction; SM, skeletal myoblast.
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ICa,L. Having finished the optical mapping experiments, we

attempted to enzymatically isolate cells from the healthy

and infarction zones and to compare the amplitudes of

ICa,L. Implanted SMs were recognized by PKH26 or EGFP

fluorescence in the SM/WT or SM/Cx43EGFP groups

respectively (Figure 5a). In the implanted cells, which we

succeeded to isolate from the infarction zone, the amplitude

of ICa,L was 93 � 15 pA (n =5), while in the healthy myo-

cytes, it was 478 � 62 pA (n = 8; P < 0.001; Figure 5b),

similar to that measured in ventricular myocytes of New

Zealand rabbits by other authors (Tohse et al. 1995; Rozan-

ski et al. 1997).

Histology. Images of the cardiac tissue after MI are pre-

sented in Figure 6. Figure 6(a) shows a general epicardial

view of the left ventricle after MI (an arrow indicates the

site of ligation of the left anterior descending coronary

artery; a dotted line denotes the infarction zone). Figure 6(b)

demonstrates the cross-sectioned wall of the left ventricle

shown in Figure 6(a). A uniform structure of normally orga-

nized CMs is disarranged in the infarcted zone. Figure 6(c)

shows that Cx43EGFP-transfected SMs were successfully

engrafted and integrated in the affected LV tissue.

Cell-to-cell coupling. Histological examination and optical

mapping demonstrated that after MI, only few myocytes

survived, and electrical activity was very low in the MI

zone. Therefore, we raised a question how implanted SMs

can establish electrical communication with host myocytes

of the transitional zone under so severe conditions. Even

though implanted myocytes survive, they have very low

chances to form the functional homogenous electrical net-

work with myocytes allowing the improvement of mechani-

cal function of the heart. Moreover, the islands of

implanted SMs may be arrhythmogenic. To form the

homogenous electrical network, first of all, SMs must estab-

lish GJ-based electrical communication with CMs. This is

impossible if the number of surrounding myocytes is insuffi-

cient. However, as we have demonstrated by measuring

LVEF, a slight recovery of mechanical function was

achieved following the transplantation of SMs transfected

with Cx43EGFP. To verify whether SMs can form GJs with

abutted CMs (Figure 7a), we cocultured these two types of

cells and performed dual whole-cell patch-clamp measure-

ments. Figure 7(e) displays the gj/Vj plot obtained by mea-

suring the Ij response (Figure 7d) in the SM to the voltage

ramp of negative polarity from 0 to �120 mV (Figure 7c)

applied to the CM. The presence of voltage gating indicates

that the cells established electrical coupling by forming func-

tional GJs. The measured gj between four cell pairs was

approximately 10 nS on average. Then, we raised a hypoth-

esis that even in the absence of adjacent CMs, SMs may

establish electrical coupling with remote CMs by growing

lamellipodium- or filopodium-based extensions and forming

TT-like intercellular bridges. Indeed, as shown in Fig-

ure 7(b), in coculture, we identified the CMs connected to

SMs through TTs. Figure 7(g) demonstrates the gj/Vj plot

(a) (b)

(c)

(d)

(e)

(f)

(g*)

(g)

Figure 7 Electrical coupling between cardiomyocytes (CMs) and
skeletal myoblasts (SMs). (a) The measurement of electrical
coupling between abutted CM and SM. (b) The measurement of
electrical coupling between the CM and the SM connected
through the tunnelling tube (TT). (c–e) Electrical coupling
between the abutted cells was measured by applying the voltage
ramp of negative polarity from 0 to �120 mV to the CM and
measuring Ij and gj/Vj in the SM. gj/Vj dependence is calculated
from Ij response to Vj ramp. (f,g) Electrical coupling between
the cells connected through the TT was measured by applying
the voltage ramp of negative polarity from 0 to �120 mV to
the CM and measuring Ij and gj/Vj in the SM. (g*) An inset
demonstrates several single channel (dotted lines) openings
typical of Cx43 [gap junction (GJs)].
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obtained by measuring the Ij response (Figure 7f) in the SM

to the voltage ramp of negative polarity from 0 to

�120 mV (Figure 7c) applied to the CM. The presence of

voltage gating indicates that the cells established electrical

coupling by forming functional GJs. The electrical coupling

measured between four cell pairs was approximately 1 nS

on average, that is about 10-fold lower than that between

the abutted cells. Due to low conductance between the cells,

even single channel openings could be seen (Figure 7g,g*).
The measured single channel conductance was approxi-

mately 90 pS, that is typical of Cx43 channels (Gonz�alez

et al. 2007).

Discussion and conclusions

Benefits of SM therapy

In the present study, we have demonstrated that the trans-

plantation of autologous SMs expressing exogenous

Cx43EGFP ameliorated the mechanical function and electri-

cal activity of the rabbit heart after experimentally induced

MI. The expression of exogenous Cx43EGFP was crucial

for obtaining this positive effect because in the control series

of experiments (MI group), after infarction, LVEF continued

to decrease within 3 months of observation. Interestingly,

we observed some stabilization of LVEF in the Sham and

SM/WT groups. We suppose that this stabilization could be

achieved by mobilization of endogenous stem cells to the

infarction zone that was mechanically injured by transplan-

tation procedure and/or due to paracrine secretions and scar

remodelling (Catelain et al. 2013). Histological examination

confirmed survival and incorporation of transplanted SMs in

the infarction zone. Under our experimental conditions the

possible development of tachyarrhythmias was prevented by

continuous administration of anti-arrhythmic drugs and by

induced expression of Cx43EGFP because it is known that

in SMs, the endogenous Cx43 is downregulated during myo-

genic differentiation, and therefore, the transplantation of

wild-type SMs can be hardly expected to possess therapeutic

potential and can cause arrhythmias (Roell et al. 2007).

Even Cx43EGFP-transfected SMs have a low chance of

forming a functional homogenous electrical network with

myocytes because only few myocytes survive after infarc-

tion, as is known from other studies (Mani & Kitsis 2003),

and as follows from our measurements of electrical activity

in the healthy and infarction zones. Under such conditions

membranous TTs (reviewed in Abounit & Zurzolo 2012)

may play an important role in establishing GJ-based electri-

cal communication between SMs and remote CMs. To our

knowledge the current study is the first showing that rabbit

SMs and allogenic CMs, at least in coculture, were capable

of establishing electrical communication over long distances

(up to approximately 400 lm) through TTs, while other

authors have demonstrated this between CMs and cardiac fi-

broblasts (He et al. 2011) as well as between CMs and

endothelial progenitor cells (Koyanagi et al. 2005). On the

other hand, the longest TTs (up to approximately 700 lm),

which form between SMs during their division and subse-

quent dislodgment and usually do not contain GJs (not

shown), may facilitate survival and proliferation of

implanted cells by maintaining homeostasis and energy

demands. Our recent work (Antanaviciute et al. 2014b) and

publications by other authors (Koyanagi et al. 2005; Pasqu-

ier et al. 2013) demonstrate that TTs not only can couple

cells electrically and transfer metabolites but also transport

mitochondria. Moreover, TTs can transfer genetic material

such as miRNA or siRNA (Antanaviciute et al. 2014b),

which may play an important role in myogenic differentia-

tion of SMs (Formigli et al. 2009).

Limitations of SM therapy

Even though SM/Cx43EGFP transplantation generated mod-

est therapeutic effect under our experimental conditions,

much better effect was achieved on electrical activity in the

infarction zone as demonstrated by optical mapping using

potential sensitive optical dyes. This finding suggests that a

more pronounced therapeutic effect was not achieved due to

insufficient excitation–contraction coupling and/or underde-

velopment of the contractility apparatus during the myo-

genic differentiation of SMs. During cardiac action

potential, L-type voltage-dependent calcium channels

(L-VDCC) are activated and trigger Ca2+ release from the

sarcoplasmic reticulum to provide Ca2+ for activation of

myofilaments, which cause the contraction (Bers 2002).

Myocytes from skeletal muscle have higher Ca2+ gain from

the sarcoplasmic reticulum than myocytes of the cardiac

muscle. In SMs, Ca2+ channels (Cav1.1) interact directly

with the ryanodine-sensitive Ca2+ release channels (RyR1) of

the sarcoplasmic reticulum, while in CMs, Ca2+ entry

through Ca2+ channels (Cav1.2) is required to activate ry-

anodine receptors (RyR2) and initiate Ca2+-induced Ca2+

release (Catterall 2011). A dramatic raise in the intracellular

Ca2+ concentration allows Ca2+ to bind to myofilament pro-

tein troponin C, which initiates myocyte contraction. The

mishandling of Ca2+ by a myocyte is a major cause of con-

tractile dysfunction. Even though the SM/Cx43EGFP trans-

plantation led to substantial recovery of electrical activity in

the infarction zone under our experimental conditions, it

was not accompanied by the recovery of contraction force.

We envisage the following reasons for this discrepancy:

• It has been shown that after SM engraftment, L-VDCCs

may downregulate (Ott et al. 2004). Our patch-clamp

measurements advocate this possibility as we found that

ICa,L, recorded in SMs isolated 3 months after transplan-

tation, was several fold smaller than that in the healthy

CMs, while in the culture both types of cells exhibited

comparable ICa,L amplitudes or current densities (Tohse

et al. 1995; Rozanski et al. 1997; Held et al. 2002).

• Sarcomere underdevelopment or insufficient sensitivity of

myofilaments to Ca2+ (Reinecke et al. 2002). It has been

shown by other authors that SMs in vitro and in vivo

may lose their myogenicity (Machida et al. 2004;

Montarras et al. 2005).
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Perspectives of SMs

High proliferative potential, resistance to ischaemia and

myogenic differentiation of SMs make them one of the most

attractive candidates among different types of stem cells for

application in cellular therapy. However, experimental

studies have revealed the inability of SMs to couple directly

with the native myocardium and increased risk of tachyar-

rhythmias after implantation. These disadvantages can be

overcome by the exogenous expression of Cx43 as it has

been demonstrated in this study and by Roell et al. (2007).

We believe that better results could be achieved by

reopening of the blocked artery after MI; however, we wor-

ried that this could cause the occurrence of reperfusion-

induced arrhythmias and followed the acute infarction

model reviewed by other authors (Kolk et al. 2009; Ou

et al. 2012). Also, different results could be achieved using

the chronic infarction model that is more complicated to

perform but is closer to clinical practice, that is patients

after MI do not undergo coronary artery bypass graft

surgery immediately as some recovery period is needed dur-

ing which autologous SMs can be prepared for transplanta-

tion during the same operation.

As an alternative for SM injection, muscle tissue engineer-

ing using SMs grown in three-dimensional (3D) synthetic

porous scaffolds has been proposed for heart regeneration.

For the creation of 3D artificial tissues with SMs, the decell-

ularized cardiac matrix (Tapias & Ott 2014) or synthetic

biomaterials mimicking the properties of the heart matrix

can be used. Also, cells can be cultured in a hydrogel and

induced to produce and assemble their own matrix (Vunjak-

Novakovic et al. 2010). Bioreactors can be used to deliver

cytokines and other bioactive molecules for the control of

SM differentiation (Liu et al. 2013). Finally, electrical and

mechanical stimulation has been shown to be essential for

the formation of contracting tissue (Serena et al. 2008) and

increase of cell proliferation (Pedrotty et al. 2005).

Thus, future challenges in the engineering of SM-based

artificial cardiac patches or injectable scaffolds will involve

the right selection and combination of biomaterials; optimal

concentration of exogenous Cx43-expressing SMs; size of

the scaffold; composition of culture medium aimed at devel-

oping desirable properties of SMs; parameters of electrical

and/or mechanical stimulation; and methods of engraftment

ensuring electrical and metabolic integration and vasculari-

zation of the tissue.
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