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Abstract

The purpose of this study was to investigate the fate of transplanted cells in the central zone of myocardial infarction (MI), and to clar-
ify the relationship between the injection-site impact and the efficacy of cell therapy. MI was created by coronary ligation in female rats.
Three weeks later, 3-million labelled male bone marrow mesenchymal stem cells (BMSCs) were directly injected into the border (BZC
group) or central zone (CZC group) of MI area. As a control, culture medium was injected into the same sites. Cell survival was evalu-
ated by quantitative real-time polymerase chain reaction, and apoptosis was assayed with TUNEL and caspase-3 staining. Four weeks
after transplantation, heart function and cardiac morphometry were evaluated by echocardiography and Masson’s Trichrome staining,
respectively. Angiogenesis and myogenesis were detected by immunofluorescence staining. After cell transplantation into the border or
central zone, there was no cell migration between the different zones of MI. BMSCs in the CZC group exhibited no difference in apop-
totic percentage, in the long-term survival, when compared with those in the BZC group. However, they did effectively promote angio-
genesis and cellular myogenic differentiation. Although cell delivery in the central zone of MI had no effect on the recovery of heart function
compared with the BZC group, the retained BMSCs could still increase the scar thickness, and subsequently exhibit a trend in the reverse
remodelling of ventricular dilation. Hence, we concluded that the central zone of MI should not be ignored during cell-based therapy.
Multiple site injection (border�central zone) is strongly recommended during the procedure of cell transplantation.
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Introduction

Cell transplantation has emerged as a promising approach 
to restoring heart function after MI [1–3]. Intramyocardial
injection is considered to be the most effective route for
 precise cell delivery and therefore the procedure has become
an associated with MI patients, during open-chest revascular-
ization surgery.

Various infarct regions have different pathophysiology. The bor-
der zone (BZ) of MI area has the same regional myocardial blood
flow as that in the uninfarcted area. It would therefore offer more
nutrients for cell survival [4]. As a result, in both experimental
studies and clinical trials, the BZ of MI has been considered as the
optimal site for cell therapy. However, the loss of cardiomyocytes
during myocardial ischaemia is primarily located in the central zone
(CZ) of the MI area. Hence, CZ is the most demanding area for cell-
based regenerative therapy. Owing to the microenvironment of
serum deprivation and hypoxia in the scarred CZ, almost all pub-
lished studies of cell therapy for MI describe cell injection into the
BZ. Therefore, until now, the therapeutic effects of BMSCs trans-
planted in the CZ of MI remain unclear.

This study, to make a thorough inquiry about the therapeutic
effect of cell transplantation in the CZ, BMSCs were directly
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injected into the CZ or BZ of a chronic MI area. We would like to
address (1) the cell retention, myogenic differentiation and
paracrine function in the CZ of MI, (2) the impact on ventricular
remodelling and heart function post-transplantation and (3) the
benefits and flaws of BMSCs injection in the CZ of MI.

Methods and materials

Animals

The study was performed in accordance to both the guidelines of the
‘Regulation to the Care and Use of Experimental Animals’ (1996) of the
Beijing Council on Animal Care and the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23, National Academy Press,
Washington, DC, revised 1996). All procedures were approved by the
Ethics Committee for Animal Study in Fu Wai hospital. Syngenic Lewis rats
were obtained from Vital River Laboratory Animal Inc. (Beijing, China).
Among them, 20 male rats weighing 60–80 g served as cell donors and
134 female rats weighing 260–280 g were enrolled in the cell transplanta-
tion study

Creation of MI model

Myocardial infarction was induced in female rats by permanent ligation of
the left anterior descending artery, as previously described [5]. Three
weeks after MI, the surviving rats with left ventricular ejection fraction
(LVEF) less than 60% and left ventricular fractional shortening (LVFS) less
than 30% were randomly grouped according to the experimental protocol
(Fig. 1).

Cell preparation

BMSCs were isolated from male donor rats and cultured as previously
reported [5]. In brief, BMSCs were obtained from the tibias and cultured in
DMEM (Grand Island, NY, USA) supplemented with 10% (v/v) foetal bovine
serum. The non-adherent cells were removed after 24 hrs and the adher-
ent cells were incubated. The culture medium was replaced with fresh
medium every 2 days.

To track the transplanted cells in vivo, BMSCs were labelled with 4�,6-
diamidino-2�-phenylin-dole (DAPI; Sigma-Aldrich, St. Louis, MO, USA)
before transplantation [6]. Sterile DAPI stock solution was added to the cul-
ture medium at a final concentration of 50 �g/ml for 20 min. After labelling,
cells were washed six times in PBS to remove excess unbound DAPI.

Cell transplantation

Three weeks after MI, the hearts were exposed through the original thora-
cotomy incision, under anaesthesia. The myocardium extending 0.5–1.0
mm from the infarct scar was considered as the BZ of MI, as previously
described [7], and the area covered by pale scar was defined as the CZ of
MI (as the schematic diagram depicts in Fig. 2A). After identification of the
BZ and CZ, a purse-string suture was placed around the proposed injection
site to avoid leakage of cells after injection (Fig. 2A and B). Then 3 � 106

BMSCs in 60 �l serum-free culture media was intramyocardially injected
into the left BZ and right BZ of MI (30 �l in each site), which served as BZC
group. Similarly, the same volume of cells was injected into two sites in the
CZ of MI, which served as CZC group. The same volume of serum-free cul-
ture medium was injected, following the same procedure, in the control
groups (BZM or CZM group, respectively). After transplantation, the purse-
string suture was tied and left to mark the implantation site. The chest was
then closed, and the animals were allowed to recover.

Fig. 1 Scheme of experimental protocol.
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Evaluation of left ventricular function

Transthoracic echocardiography was performed at 3 weeks after MI and at
4 weeks after cell transplantation, according to the protocols described
previously [8]. Left ventricle end-diastolic and end-systolic dimensions
(LVEDD and LVESD, respectively) were measured from the short-axis view
of the left ventricle at the mid-papillary level. The LV fractional shortening
(LVFS) and LVEF were calculated as follows: LVFS (%) � (LVEDd�LVESd)
/LVEDd � 100 and LVEF (%) � [(LVEDd3�LVESd3)/LVEDd3] � 100. All
measurements were averaged over three consecutive cardiac cycles and
were analysed by two independent, experienced investigators who were
blinded to the treatment status of the animals.

Heart harvest

At 24 hrs and 4 weeks after transplantation, the rats were deeply anaes-
thetized and receive a 10% potassium chloride injection to arrest the heart.
The hearts were then removed and fixed in 4% paraformaldehyde solution
for cardiac morphometry evaluation or cryopreserved in TissueTek® OCT
compound (Sakura Finetechnical Co., Ltd., Tokyo, Japan) for immunofluo-
rescence study (n � 5 per group). To quantify the number of surviving
donor male cells, in the female recipient hearts, and the escaped BMSCs’
distribution in extra-organs, the heart, spleens, lungs, livers and blood
were removed and frozen in liquid nitrogen for DNA extraction.

Cardiac morphometry evaluation

The paraformaldehyde fixed hearts were cut into six transverse slices, from
apex to base, and paraffin-embedded for histology (n � 5 in each group).

Subsequently, partial 5 �m transverse slices from each section were pre-
pared for haematoxylin and eosin staining or Masson’s Trichrome staining.
Histological images of the stained sections were photographed with an
Olympus DP70 (Olympus Optical Co., Ltd., Tokyo, Japan) and analysed
with Image-Pro Plus 5.1 Software (Media Cybernetics, Inc., Bethesda, MD,
USA). The following parameters were measured [9]: (1) the thickness of
scar and septum (average of five equidistant measurements); (2) areas
composed of collagen and non-infarcted muscle, area of LV cavity and area
of total LV. To evaluate the degree of LV dilation, the expansion index was
calculated as LV cavity area/total LV area � septum thickness/scar thick-
ness; (3) infarct size was calculated by dividing the sum of the planime-
tered endocardial and epicardial circumferences of the infarcted area by the
sum of the total epicardial and endocardial circumferences of the LV.

DNA preparation and quantization of Y chromoso-
mal DNA by real-time PCR

To quantify the number of surviving donor male cells, in the female recip-
ient hearts (n � 6/group at 1 day and 4 weeks after cell transplantation)
and the escaped BMSCs, in the extra-cardiac organs (including lung, liver,
blood and spleen), real-time PCR was applied to determine the volume of
Y chromosomes, as previously described [10]. At the indicated time points
after cell transplantation (1 day and 4 weeks), host female organs were
removed under terminal anaesthesia, homogenized and diluted to produce
samples for Y chromosome determination. The standard curve was
 created by mixing 0, 10, 100, 1,000, 10,000 and 100,000 male BMSCs 
into diluted homogenate of female ventricles before DNA isolation and  
real-time PCR. The sequences of the PCR primers used for detection of rat
male specific sry gene were as follows: (sense 5-CATCGAAGGGTTAAAG
TGCCA-3; antisense 5-ATAGTGTGTAGGTT GTTGTCC-3). The real-time PCR

Fig. 2 Myocardial infarction area and cell
tracking. (A) Left anterior descending
artery ligation site and the definition of
myocardial infarction area. (B) Illustration
of BMSCs transplantation in the recipient
heart. The dotted line represent the border-
line of the MI. (C, D) 4 weeks after cell
transplantation, the engrafted labelled
BMSCs (indicated by red arrow) could be
easily identified in the injected site of each
group. White arrow: the epicardium; MI:
myocardial infarction.
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conditions were consisted of an initial denaturation step of 10 min. at 95�C,
followed by 40 cycles at 95�C, for 15 sec., and at 60�C, for 1 min.

The retention of transplanted male cells was expressed as [The aver-
age of real-time PCR detection of SRY � The times of dilution DNA] �
[The weight of the initial tissue (mg) � The weight of tissue extracted for
DNA (mg)].

Apoptosis, myogenic differentiation 
and angiogenesis after cell transplantation

For in situ detection of apoptotic BMSCs, at 1 day and 4 weeks after cell
transplantation, we performed the terminal deoxynucleotidyl transferase-
mediated dUTP end labelling (TUNEL) assay by using a TdT FragEL-DNA
fragmentation detection kit (Roche, Indianapolis, IN, USA) in frozen tissue
sections according to the manufacturer’s protocol [11]. The percentage of
apoptotic BMSCs was calculated as the number of TUNEL-positive cell
number/DAPI-labelled nuclear numbers of BMSCs�100.

To further evaluate the result of TUNEL assay, primary polyclonal anti-
bodies to activated caspase-3 (Cell Signaling Technology, Beverly, MA,
USA; dilution, 1:1600), were used to stain in frozen heart tissue sections
obtained at 1 day and 4 weeks after BMSCs transplantation, according to
the instructions of the manufacturer (Cell Signaling Technology). Cells
were labelled for 2 hrs at room temperature with TRITC-conjugated goat
anti-rabbit IgG (Zhongshan Goldenbridge Biotechnology Co. Ltd, Beijing,
China). The percentage of apoptotic BMSCs was calculated as the number
of caspase-3 positive cell/DAPI-labelled nuclear number of BMSCs � 100.

To calculate capillary density in the infarct and peri-infarct regions, at 
4 week after cell transplantation, the frozen tissue sections were stained
with the antibodies against von Willebrand factor (VWF; Abcam,
Cambridge, UK),  followed by incubation with Fluorescein Isothiocyanate
(FITC)-conjugated secondary antibody (Zhongshan Goldenbridge
Biotechnology Co. Ltd.). The capillary density was determined as the
 average number of VWF-positive small vessels, with a diameter less than
100 �m, in a field of a high magnification. Five high-power fields within the
scar (containing the two side of BZ and CZ of MI) of each section were ran-
domly selected, and the number of capillaries was averaged and expressed
as the number of capillary vessels per high-power field (0.2 mm2).

For detection of myogenic differentiation of BMSCs at 4 weeks after cell
transplantation, frozen tissue sections were stained for 	-sarcomeric actin
(1:100; Abcam) and troponin I (1:150; Santa Cruz Biotech, CA, USA) and
then visualized with an FITC or rhodamine 123–conjugated secondary
 antibody [10].

Statistical analysis

Data are presented as means 
 standard deviation. Statistical analysis was
performed with the SPSS15.0 software (SPSS Inc., Chicago, IL, USA).
Differences among groups were analysed by one-way ANOVA followed by a
Bonferroni test. Values of P � 0.05 were considered significant. The
 mortality, after cell transplantation among different groups, was analysed
by chi-square tests.

Results

Surgical mortality

Mortality at the various time points is depicted in Figure 1. All rats
that died were excluded from the study. There was no significant
difference in mortality among the four groups (P � 0.89).

Evaluation of cardiac function

As shown in Table 1, improved heart function was only observed
in the BZC group. LVEF and LVFS in the BZC group were higher
than that in the other groups (P � 0.05, respectively), and there
was no difference among the CZC, CZM and BZM groups.
Although LVEDD and LVESD in the BZC group displayed a
 tendency toward improved cardiac function as compared with the
other three groups, the differences were not statistically signifi-
cant (P � 0.05).

Cell survival

DAPI-labelled BMSCs could be easily identified within the dam-
aged myocardium in either the BZC or the CZC groups, after cell
injection (Fig. 2). As shown in Figure 3, 24 hrs after cell transplan-
tation, 15.74 
 4.13% of the initially implanted BMSCs, in the BZC
group, were detected. This was significantly higher than that in the

Table 1 Evaluation of LV function by echocardiography 4 weeks after BMSCs transplantation

Cell Transplantation groups Control groups

CZC BZC CZM BZM

LVEDd(mm) 7.62 
 0.64 7.25 
 0.78 7.74 
 0.69 8.11 
 0.49

LVESd(mm) 5.86 
 0.57 5.38 
 0.59 5.99 
 0.67 6.49 
 0.73

LVEF(%) *51.88 
 3.88% 57.48 
 3.73% *50.90 
 3.58% *48.47 
 4.65%

FS(%) *21.13 
 2.19% 26.42 
 2.32% *22.60 
 1.95% *22.55 
 4.35%

LVEDd: left ventricular end-diastolic diameter; LVESd: left ventricular end-systolic diameter; LVEF: left ventricular ejection fraction; LVFS: left
 ventricular fractional shortening. *P � 0.05 versus BZC.
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CZC group (8.20 
 2.63%; P � 0.01). Four weeks after cell trans-
plantation, a similar tendency was also found between the BZC and
CZC groups (5.57 
 1.13% versus 1.72 
 0.41% respectively, 
P � 0.01).

Cell apoptosis

As shown by TUNEL assay, in the Figure 4, 24 hrs after cell trans-
plantation, the percentage of apoptotic BMSCs was significantly

Fig. 3 Quantifying transplanted male mes-
enchymal stem cells (MSCs) in the female
recipient hearts by quantitative real-time PCR.
(A) Real-time amplification plot showing
change in normalized reporter dye fluores-
cence. (B) Standard curve generated from data
in (A) showing relationship between threshold
cycle (Ct) and number of male BMSCs. (C) 
24 hrs and 4 weeks after cell transplantation,
the percentage of surviving cells in BZC group
were significantly higher than in CZC group.
*P � 0.01 versus BZC.
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lower in the BZC group than that in the CZC group (28.69% 
 6.59%
versus 53.77 
 8.81%, P � 0.01), and there was no difference at the
4 weeks time point after transplantation (1.71 
 0.53% versus
2.03 
 0.89% respectively, P � 0.05). The same results were also
obtained with Caspase-3 staining (Fig. 5). The difference in apop-
totic percentage between the BZC and CZC group at 24 hrs after cell
transplantation was significant (22.80% 
 4.44% versus 44.80% 

2.39%, P � 0.01). However, there was no difference at 4 weeks
after transplantation (1.49% 
 0.07% versus 1.57% 
 0.09%, 
P � 0.05).

Escaped BMSCs in the extra-cardiac organ

Cell escape often occurs during the early stage of post-transplan-
tation. We quantified the volume of extra-cardiac organ distributed

BMSCs at 24 hrs after cell delivery. In the BZC group, the percent-
age relative to the initial number of injected cells in venous blood,
arterial blood, spleen, lung and liver was 2.50 
 0.42%, 1.54 

0.77%, 2.71 
 1.3%, 2.03 
 0.52% and 1.50 
 0.50%, respec-
tively. Simultaneously, in the CZC group, the relative percentage
was 2.80 
 0.47%, 2.06 
 0.46%, 2.03 
 1.99%, 1.65 
 0.75%
and 0.93 
 0.67%. There was no significant difference between
the BZC and CZC groups in any of the extracardiac organs 
(P � 0.05, respectively).

Angiogenesis and myogensis after 
cell transplantation

As shown in Figure 6, the BZC group had a significant higher
 capillary density in the BZ of MI (36.06 
 2.77 vessels/0.2 mm2)

Fig. 4 Apoptosis of implanted cells in the
infarcted myocardium at 1 day and 4 weeks
after cell transplantation by TUNEL assay. (A)
24 hrs after transplantation, the DAPI labelled
cells’ nuclei showed blue fluorescence, and
the TUNEL-positive nuclei was in Yellow. (B)
The 4 weeks after transplantation, the DAPI
labelled cells’ nuclei showed blue fluores-
cence, and the TUNEL-positive nuclei was in
Yellow. (C) The BZC group had a significantly
lower percentage of TUNEL-positive
implanted cell nuclei than the CZC group 
at 24 hrs after transplantation. *P � 0.01
 versus CZC group. (D) There were no differ-
ence in percentage of TUNEL-positive
implanted cell nuclei between BZC and CZC
groups at 4 weeks after transplantation. Red
arrow: DAPI-labelled BMSCs; white arrow:
TUNEL-positive cells; yellow arrow: DAPI and
TUNEL-positive BMSCs; BMSCs: bone mar-
row mesenchymal stem cells.
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than that in the CZC group, BZM or CZM groups (23.75 
 4.09,
20.88 
 2.7 and 23 
 4 vessels/0.2 mm2, respectively) (P �

0.01, respectively). There was no significant difference among the
capillary densities of the CZC, BZM and CZM groups. In addition,
the implanted cells in the BZ-augmented angiogenesis in the CZ of
MI. A higher capillary density, in the CZ (18.63 
 2.73 vessels/0.2
mm2), was observed in the BZC group than in either the BZM or
CZM groups (13.52 
 3.03, 12.06 
 2.35 vessels/0.2 mm2,
respectively) (P � 0.01, respectively). However, the induced
angiogenesis in CZ by implanted cells in the BZC group was still
lower than that in the CZC group (18.63 
 2.73 and 25.53 
 3.31
vessels/0.2 mm2, respectively, P � 0.01).

Four weeks after transplantation, immunofluorescent analysis
demonstrated that a small number of DAPI-labelled BMSCs were
positive for 	-sarcomeric actin and troponin I, both in the BZC and

CZC group (Fig. 7). These results suggested that the engrafted
BMSCs could differentiate into cardiomyocyte-like cells. The per-
centage of positive staining BMSCs in the BZC and CZC groups
was 16.60 
 2.07% and 4.60 
 1.14% for 	-sarcomeric actin,
and 12.60 
 2.17% and 4.20 
 1.30% for troponin I, respectively.
Similarly, the BZC group had dramatically higher percentages of
both sarcomeric 	-actin and desmin positive staining, implanted
cells than that in the CZC group.

Cardiac morphometry evaluation

As shown in Figure 8, the injected BMSCs significantly increased
the scar thickness in the BZC and CZC groups (643.30 
 103.65
�m and 699.70 
 99.92 �m, respectively) compared with 

Fig. 5 Apoptosis of implanted cells in the
infarcted myocardium at 1 day and 4 weeks
after cell transplantation by caspase-3 stain-
ing. (A) 24 hrs after transplantation, the
DAPI-labelled cells’ nuclei showed blue fluo-
rescence, caspase-3 positive staining was in
red, and the DAPI�caspase-3 positive stain-
ing showed blue fluorescence surrounded by
red fluorescence. (B) The 4 weeks after
transplantation, the DAPI-labelled cells’
nuclei showed blue fluorescence, caspase-3
positive staining was in red, and the
DAPI�caspase-3 positive staining showed
blue fluorescence surrounded by red fluores-
cence. (C) The BZC group had a significantly
lower percentage of caspase-3 positive
implanted cell nuclei than the CZC group at
24 hrs after transplantation. *P � 0.01 ver-
sus CZC group. (D) There were no difference
in percentage of caspase-3 positive
implanted cell nuclei between BZC and CZC
groups at 4 weeks after transplantation. Red
arrow: DAPI-labelled BMSCs; blue arrow:
caspase-3 positive cells; white arrow: DAPI
and  caspase-3 positive BMSCs; BMSCs:
bone marrow mesenchymal stem cells.
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the BZM and CZM groups (473.2 
 16.72 �m and 473.4 


60.73 �m; P � 0.01, respectively). The scar thickness in the 
CZC group was significantly thicker than that in the BZC group 
(P � 0.01). The Hochman–Choo expansion index in the BZC
(0.89 
 0.12) group was significantly reduced compared with
that in the CZC, BZM and CZM groups (1.18 
 0.13, 1.44 
 0.09,
1.31 
 0.14, respectively) (P � 0.01, respectively), and there
was no difference among these three groups (P � 0.05). In
 addition, the BZC group had a significantly reduced scar size
(34.28 
 1.96%) from that in the CZC, BZM and CZM groups
(43.53 
 3.37%, P � 0.05; 46.55 
 5.36%, P � 0.01; 47.20 

4.86%, P � 0.01; respectively).

Discussion

BMSCs are a popular cell source for cell-based regenerative ther-
apy. Safety and efficacy studies with BMSC transplantation are
already being done world-wide [1], because they are easily
obtained and expanded under in vitro culture conditions, while

maintaining their multi-lineage differentiation potential. Therefore,
in this study we applied the BMSCs as the cell resource for
myocardial regeneration. The phenotype and differentiation poten-
tial of BMSCs in this study has been verified in our recent pub-
lished research [5, 12, 13]. Although BMSCs transplantation has
been considered as a new therapeutic strategy for cardiovascular
disease, some potential hurdles must be considered to improve
the outcome of cell therapy. In the end, there is the possibility that
cell injection sites might dramatically influence the therapeutic
efficacy of cell transplantation for MI.

To date, there is no information to indicate the fate of implanted
cells in the CZ of MI or their therapeutic efficacy on the heart func-
tion recovery after MI. As showed in Figure 8, the thickness of the
CZ of MI was less than 1 mm, and therefore was very easy to pen-
etrate the scar into the ventricular cavity during cell injection. A
failed injection would cause bleeding from the injection site, and
could also cause the cells to be washed from the left side of the
heart cavity and pumped into the systemic circulation, which may
cause safety issues [14, 15]. However, in this study, during the
procedure of cell delivery, we did not observe any bleeding in the
CZC group. Moreover, in the early stage of post-transplantation,
there was no difference in the extracardiac cell redistribution.

Fig. 6 BMSCs transplantation promotes angiogenesis in the infarcted heart and differentiation into vascular endothelium at 4 weeks after transplantation.
(A) The green fluorescence represents the VWF factor-positive capillaries (as indicated by the blue arrow) in the BZC group. Some of the transplanted
BMSCs were positive for von Willebrand factor and formed vascular structures (as indicated by the red arrow). (B) Cell transplantation groups (BZC and
CZC) had a significant higher capillary density than the control groups (CZM and BZM) *P � 0.01 versus BZC group, #P � 0.01 versus CZC group 
BMSCs: bone marrow mesenchymal stem cells.
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Hence, we concluded that it was feasible and safe to deliver the
cells into the CZ of MI.

The major findings of this study were that (1) BMSCs
implanted in the CZ of MI effectively promote angiogenesis and
cellular myogenic differentiation also occurred; (2) Cell apoptosis
in the CZ arrived the peak at the early stage after cell injection but
it was then equal to the cells in BZ in the long run; (3) although
cell delivery in the CZ was invalid on the heart function improve-
ment, the retained BMSCs could increase the scar thickness, and
subsequently exhibited a trend in the reverse remodelling of ven-
tricular dilation.

It is well-demonstrated that poor cell survival limits the efficacy
of cell transplantation. It has been reported that intromyocardially
injected cells decreased rapidly from 34–80% at 0 hr to 0.3–3.5%
at 6 weeks in rat MI model. This implies that ischaemic microen-
vironment of the infracted myocardium could not be conducive of
BMSCs survival [14]. In a common sense, the adverse factors of
the deprivation of oxygen and nutrient supply, the mechanical ten-
sion from myocardial motion, and various cytotoxic factors in the
CZ of MI, can result in large-scale cell apoptosis and death [16,
17]. Therefore, the CZ of MI has been considered as the restricted
area for cell transplantation. In this study, although the amount of

Fig.  7 Differentiation of transplanted
BMSCs at 4 weeks after cell transplanta-
tion, by immunofluorescence staining for
	-sarcomeric actin and troponin I,
respectively. (A, B) DAPI-labelled BMSCs
expressed 	-sarcomeric actin and troponin
I, (C, D) the transplanted BMSCs in the BZC
group had a significantly higher differentia-
tion efficiency than the CZC group, both in
the expression of 	-sarcomeric actin and
troponin I staining. P � 0.01 versus BZC
White arrows: DAPI-labelled BMSCs; blue
arrow: 	-sarcomeric actin or tropnin I pos-
itive cells; red arrow: both 	-sarcomeric
actin and DAPI-positive BMSCs or both
tropnin I and DAPI-positive BMSCs; BMSCs:
bone marrow mesenchymal stem cells.
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traceable cells were dramatically reduced after cell injection in the
CZC group, 8.20 
 2.63% of the initial cells could be detected at
1 day after transplantation. Moreover, there was no difference in
apoptotic percentage in the long-term survival of transplanted
BMSCs between the BZC and CZC groups. Neoangiogenesis plays
an important role in the inhibition of cell apoptotic death. Before
cell transplantation, the blood supply in the BZ is five times more
than that of the CZ of MI [4]. As a result, at 24 hrs after transplan-
tation, the apoptotic percentage of BMSCs in BZC group was about
50% of that in CZC group. However, with the development of neo-
vacularization due to BMSCs injection, capillary density in the CZ
of CZC group dramatically increased and supplied more nutrients
and growth factors. With the improved blood supply in CZ of CZC
group, the apoptotic percentage of BMSCs at 4 weeks decreased
to about 1/26 of that at 24 hrs after transplantation. For the BZC
group, the viable BMSCs of BZC group was two times more than
that of CZC group at 4 weeks after transplantation. The increment

of blood supply in BZ was still not adequate to support a large
number of viable cells. Therefore, the apoptotic percentage of BZC
group was eventually similar to that in CZC group, only decreas-
ing to 1/16 at 24 hrs after transplantation.

Previous studies have confirmed that failure of collagen net-
work formation inside necrotic tissue is the main histological fac-
tor of aneurysm formation [18]. The preservation of connective
tissue components of myocardium would decrease the incidence
of ventricular aneurysms. Dixon et al. found that matrix metallo-
proteinase (MMP) and tissue inhibitor of matrix metalloproteinase
(TIMP) levels, critical determinants of collagen turnover, were
influenced in a BMSCs’ concentration dependent manner [19]. In
our study, BMSCs were directly injected into the CZ of MI, so the
influence of BMSCs on collagen formation in the CZ seems
stronger than that in BZC group. The expression of MMP–TIMP
axis would be significantly altered with the retained injected cells,
and thereby the myocardial collagen in CZ was presumed to have

Fig. 8 Morphological measurements at 4 weeks after transplantation. (A) Cell transplantation reversed post-MI remodelling. (B) The mean infarct size per
section was calculated after determining the inner (green line) and outer (red line) LV infarct length. Yellow bars divide infarcted from non-infarcted
myocardium. (C) The cell transplantation group (BZC and CZC groups) had a significantly increased scar thickness compared with that of the control
groups (BZM and CZM groups). (D) BZC had a significant reduced infarct size compared with CZC, BZM and CZM. (E) The expansion index was also
reduced in the BZC group, but there were no difference among the groups of CZC, BZM and CZM. $P � 0.01 versus BZC, #P � 0.01 versus CZC, *P �

0.01 versus BZC; $P � 0.05 versus BZC.
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increased to thicken the scar. In a clinical setting, the thicker scar
in CZ would avoid the formation of ventricular aneurysms and
contribute to heart function recovery.

Cell proliferation and differentiation of transplanted cells usu-
ally occurs weeks after transplantation. Local cardiac environment
plays a determinant role in the myogenic differentiation of BMSCs
[20]. As shown in the Figure 8, there were a large number of viable
myocytes existing in the BZ, and with the help of abundant blood
supply and viable cardiomyocytes contact, about 10% of the total
traceable cells could differentiate into the cardiac phenotype, in
BZC group. Although, the CZ of chronic MI was surrounded by
green stained collagen, we demonstrated that a number of viable
myocytes still existed and dispersed in the CZ of MI in CZC group.
Currently, it is generally accepted that paracrine secretion might
be the primary contributor to restore damaged myocardium after
cell transplantation [21–23]. Because telocytes seem to ‘nurse’
cardiac progenoitor cells, working in tandem with them, and play-
ing a role in paracrine secrection [24–26], we infer that telocytes
might act together with BMSCs and prompt regeneration of
myocardium. As far as we know, multiple bioactive molecules
(including vascular endothelial growth factor, VEGF) secreted by
the implanted cells or telocytes [27] have the potential to induce
neoangiogenesis and regenerate the damaged tissues. Without a
doubt, after cell injection, oxygen and nutrient supply are
improved, which contributes to the long-term survival of car-
diomyocytes in the CZ of MI.

There are some limitations in this study. We applied a rat
chronic MI model to mimic the open-chest direct cell injection.
The infarction area in the current model usually accounted for

30% of the whole left ventricle free wall. In a clinical setting,
besides cell-based therapy, ventricular reconstruction procedure
would be necessary. Secondly, we did not add a group that
received the cell injection in both BZ and CZ of MI. Owing to the
small heart size, the combined injection could bias the results.

Taken together, our data demonstrated that cell delivery in the
CZ of chronic MI effectively increased scar thickness, promoted
angiogenesis and promoted cellular myogenic differentiation.
Therefore, the CZ of MI should not be ignored during cell-based
therapy. Multiple site injections (BZ�CZ) are strongly recom-
mended during the procedures of cell transplantation.
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