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This study was designed to evaluate the effect of smooth muscle cell transplantation into myocardial ventricular
scar formed by cryo-necrosis. The left ventricular free wall (LVFW) of adult rats was cryo-necrosed. At 4 weeks
after cryo-injury cultured fetal rat stomach smooth muscle cells (transplanted group, n=10) or culture medium
(control, n=10) were transplanted. Sham animals (n=8) were similarly operated but without cryo-necrosis and
transplantation. The animals were administered a daily maintenance dose of cyclosporin A (5 mg/kg). At 8 weeks
after cryo-injury, heart function was evaluated using a Langendorff preparation. Myocardial scar and transplanted
cells were assessed histologically. Transplanted smooth muscle cells survived and formed smooth muscle cell
tissue, as assessed by immunostaining against smooth muscle cell actin, within the myocardial scar. In the
control hearts no muscle tissue was found in the scar. Angiogenesis occurred (P<0.001) in the transplanted scar
compared to the control scar. The transplanted cells increased the scar thickness (P<0.01) by hyperplasia and
prevented (P<0.001) the dilatation of the ventricular chamber size compared to the control hearts. For physiological
left ventricular volumes of 0.04 to 0.28 ml, the systolic and developed pressures in the transplanted group were
greater (P<0.001) than the control group, but less (P<0.001) than those of the sham group. Transplanted
smooth muscle cells formed smooth muscle tissue in myocardial scar tissue and improved contractile function
compared to control hearts.  1999 Academic Press
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We (Li et al., 1996a) and others (Scorsin et al.,Introduction
1996; Leor et al., 1996) have shown that fetal
cardiomyocytes transplanted into myocardial scarAfter a myocardial infarction, necrosed cardio-

myocytes are replaced by fibrous tissue to form scar tissue formed cardiac tissue, limited scar expansion,
and improved heart function compared to the find-tissue. The continuous cycles of stretching and

relaxation of the beating ventricle stretches and ings in control hearts. Since the fetal cardio-
myocytes transplanted into the center of the scarthins the scar tissue. The ventricular remodelling

can result in progressive ventricular dilatation and formed in the left ventricular free wall (LVFW) did
not contract synchronously with the host adultheart failure (Jugdutt, 1993). Sometimes scar ex-

pansion leads to aneurysm formation (Forman et myocardium, the main benefits of the cardio-
myocyte transplant were thought to be anal., 1986).
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increase in myocardial wall tension and elasticity supplemented with oxygen (6 l/minute) using a
Harvard ventilator (Model 683, Southnatick, Mass.,which minimized ventricular dilatation (Li et al.,

1996a). Another approach to cardiomyocyte cell USA). The rat hearts (n=20) were exposed through
a 2 cm left lateral thoracotomy. Cryoinjury wastransplantation is to use a non-cardiac muscle cell

type. A smooth muscle cell transplant should in- produced in LVFW by freezing the myocardium
for 20 s 15 times using a 0.18 cm×1.2 cm liquidcrease wall tension and elasticity, minimize di-

latation, and improve myocardial function. In nitrogen probe. The muscle layer and skin were
closed with 5-0 vicryl sutures. The rats were mon-addition, smooth muscle cells have intrinsic char-

acteristics which may be clinically important. Since itored for 4 h postoperatively. Penlog XL (benzathine
penicillin G 150 000 U/ml and procaine penicillinsmooth muscle cells are easily obtained and cul-

tured, autotransplantation is possible. Smooth G 150 000 U/ml) were given intramuscularly
(0/25 ml/rat) every 3 days for 1 week after surgerymuscle cells have the capacity to divide and to

secrete angiogenic factors, such as NO (Koide et al., and buprenorphine (0.01–0.05 mg/kg body
weight) was administered subcutaneously every1993), fibroblast growth factors (Ali et al., 1994),

and vascular endothelial cell growth factor (Stavri et 8–12 h for the first 48 h following surgery.
Sham-operated rats (n=8) were operated as de-al., 1995), which may eliminate intractable angina

unresponsive to coronary artery bypass and restore scribed above, but the myocardial tissue was not
cryo-injured and not transplanted.contractility to hibernating cardiomyocytes.

The present study was designed to evaluate
whether transplanted fetal smooth muscle cells can
survive in myocardial scar tissue formed after cryo- Fetal rat smooth muscle cell isolation, culture and

identificationnecrosing the left ventricular free wall, stimulate
angiogenesis, and prevent the development of heart

The pregnant rats were anesthetized with pento-failure.
barbital (30 mg/kg body weight, intraperitoneal).
Normally 36 18-day gestational fetal rat stomachs
were used for smooth muscle cell isolation. TheMaterial and Methods fetal rat stomachs were excised and washed with
phosphate-buffered saline (PBS) (NaCl 136.9 m,

Experimental animals KCl 2.7 m, Na2HPO4, 8.1 m KH2PO4 1.5 m,
pH 7.3). The smooth muscle cells were isolated by

All procedures performed on animals were approved enzymatic digestion (Li et al., 1996b) from the
by the Animal Care Committee of The Toronto stomachs. The tissue was minced and incubated in
Hospital. Experimental animals used were Sprague- 10 ml PBS containing 0.2% trypsin, 0.1% col-
Dawley rats (Charles River Canada Inc. Quebec, lagenase, and 0.02% glucose for 30 min at 37°C.
Canada). Male rats, weighing 450 g, were used. The smooth muscle cells were isolated by repetitive
Smooth muscle cells obtained from 18-day gest- pipetting of the digested tissue. The cells in the
ational rat stomach were cultured for 24 h prior to supernatant were transferred into a tube containing
transplantation. All experiments were performed 20 ml of cell culture medium (medium 199 con-
according to “Guide to the Care and Use of Ex- taining 10% fetal bovine serum, 100 unit/ml peni-
perimental Animals” of the Canadian Council on cillin and 100 lg/ml streptomycin). The tube was
Animal Care and the “Guide for the Care and Use centrifuged at 600 g for 5 min at room temperature
of Laboratory Animals” (NIH publication 85-23, and the cell pellet was resuspended in the cell
revised 1985). culture medium and then cultured for 24 h.

Identification and purity of the cultured smooth muscleMyocardial scar generation
cells prior to transplantation

Myocardial scar tissue was generated as described
previously (Li et al., 1996a). Briefly, rats were an- Two dishes of primary cultured cells from each cell

preparation (n=6 in total) were used to evaluateesthetized with ketamine (22 mg/kg body weight,
intramuscular) followed by an intraperitoneal in- the purity of the cultured smooth muscle cells. The

purity of the smooth muscle cells in culture wasjection of pentobarbital (30 mg/kg body weight).
The anethetized rats were intubated and positive evaluated using a monoclonal antibody against

alpha-smooth muscle actin (smooth muscle specificpressure ventilation was maintained with room air
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and no reaction with cardiac muscle actin, Sigma).
Briefly, the cells were washed with PBS and fixed
with 100% methanol at −20°C for 15 min. After
washing with PBS three times, the cells were in-
cubated with the first antibody against smooth
muscle actin at 37°C for 30 min followed by an
overnight incubation at 4°C. The control sample
was incubated with PBS. After samples were washed
with PBS (three times for 5 min each), a biotin-
labeled secondary antibody (1:250, Vector Lab. Inc.
Burlingame, CA, USA) was added onto the speci-
mens and incubated at room temperatute for 1 h.
The samples were rinsed three times for 5 min each
in fresh PBS and reacted with an avidin-biotin
complex conjugated with peroxidase at room tem-
perature for 45 min. Visualization was ac-
complished with a diaminobenzidine solution
(0.25 mg/ml in 0.05 Tris-HCl buffer containing
0.02% H2O2) for 10 min. The cellular nuclei were
counter-stained with hematoxylin for 1 min. The
samples were covered with crystal mounts and
photographed.

Endothelial cells were identified with an antibody
against factor VII using the same technique as
described above for the smooth muscle cells.

Preparation of the cultured smooth muscle cells for Figure 1 Cultured fetal smooth muscle cells prepared
transplantation for transplantation immunostained for smooth muscle

actin (400×).

The smooth muscle cells from the four dishes of
primary cultured cells were washed three times

usng a tuberculin syringe. Control animals werewith PBS to remove any dead cells. The cultured
similarly injected with 0.25 ml of culture medium.cells were detached from the cell culture dish and
The hearts of sham-operated rats were exposed, butfrom each other by the addition of 0.05% trypsin
no injection was performed. The chest incisionin PBS to the culture dish for 3 min. After the
was closed with 5-0 vicryl sutures. Antibiotics andaddition of 10 ml of cultured medium, the cell
analgesia was given as previously described in thesuspension was centrifuged at 580 g for 3 min. The
Myocardial scar generation. Cyclosporin A, at a dosecell pellet was resuspended in culture medium. The
of 5 mg/kg body weight/day, was administered sub-number of cells were counted with a Coulter cell
cutaneously to all groups.counter (Coulter Electronic Ltd, USA). A con-

centration of 16×106 cells/ml culture medium was
compared. The volume of cell suspension for each
transplantation was 0.25 ml, which contained Smooth muscle hyperplasia in the transplant
4×106 cells.

Fifty milligrams of bromodiuridine (Brdu) (Sigma,
USA) were dissolved in a mixture of 0.8 ml of
dimethyl sulfoxide and 1.2 ml of water. Under gen-Cell transplantation
eral anaesthesia as described in the Myocardial scar
generation section, all the Brdu mixture was infusedFour weeks after scar generation, the animals were

anesthetized and positively ventilated as previously into the subcutaneous tissue of the animal’s back
using ALZET osmotic pump (2 ml) (Alza Co. Palodescribed in the Myocardial scar generation section.

The myocardial scar was exposed through a midline Alto, CA, USA) at 3 weeks after transplantation.
Seven days later, after heart function was measuredsternotomy. The smooth muscle cell suspension

(0.25 ml) was then injected into the scar tissue as described the Myocardial function studies section,
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the heart and duodenum were fixed in formalin for calculated as the difference between the systolic
and diastolic pressures.3 days. Myocardial and duodenal sections were

prepared for H & E staining. Brdu in the cells
were identified by immunohistochemical staining
technique using Brdu Staining Kit as described by Measurement of left ventricular free wall remodeling
the manufacturer (Zymed Lab. Inc., South San
Francisco, CA, USA). After the function measurements were completed,

the hearts were fixed, sectioned, and traced onto a
transparency. Ventricular wall thickness was quan-

Smooth muscle cell hypertrophy in the transplant tified using computerized planimetry as previously
described (Li et al., 1996a).

The size of the smooth muscle cells in the transplant
and duodenum of the adult rats were measured by
planimetry. The smooth muscle cells in the tissue

Histological studiesof H & E stained samples were photographed at
400×. Five fields per animal were measured using

The fixed heart sections were embedded in paraffincomputerized planimetry. Seven transplants and six
and sectioned to yield 10 l thick slices. The slicesduodenums were evaluated for smooth muscle cell
were stained with hematoxylin and eosin as de-size.
scribed in the manufacturer specifications (Sigma
Diagnostics, St. Louis, MO, USA). The transplanted
cells were stained using a monoclonal antibodyMyocardial function studies
against smooth muscle actin as described in the
fourth subsection of Materials and Methods. VascularAt 8 weeks after myocardial injury, the heart func-
endothelial cells were stained for factor VIII usingtion of control, transplanted and sham animals was
monoclonal antibodies as described in that section.measured using a Langendorff preparation (Li et
The blood vessels were counted on the tissue sec-al., 1996a; Fremes et al., 1995). The rats were
tions under light microscopy, as we have previouslyanesthetized and heparin (200 units) was ad-
described (Li et al., 1997). Five fields of scar tissueministered intravenously. The hearts were quickly
of the transplanted scar and the control scar wereisolated from rats and perfused in a Langendorff
randomly selected for counting.apparatus with filtered Krebs Heinseleit buffer

(mmol/l NaCl 118, KCl 4.7, KH2PO4 1.2, CaCl2

2.5, MgSO4 1.2, NaHCO3 25, glucose 11; pH 7.4)
equilibrated with a 5% CO2 and 95% O2. A latex Data analysis
balloon was passed into the left ventricle through
the mitral valve and connected to a pressure trans- The data are expressed as the mean±standard

error; n refers to the number of cultures of heartsducer (Model p10EX, Viggo-Spectramed, CA, USA)
and transducer amplifier and differentiator amplifier studied. The Statistical Analysis System software

was used for all analysis (SAS Institute, Cary, NC,(Model 11-G4113-01), Gould Instrument System
Inc., Ohio, USA). After 30 min of stabilization, the USA). Comparisons of continuous variables between

more than two groups were performed by a one-balloon size was increased in 0.02 ml increments
from 0.04 to 0.46 ml by the addition of saline. The way analysis of variance. If the F-ratio was sig-

nificant from the analysis of variance (ANOVA), asystolic and diastolic pressures were recorded at
each balloon volume and developed pressure was Duncan’s multiple-range t-test was employed to

Figure 2 (opposite) Photomicrograph of fetal smooth muscle cells 4 weeks after transplantation into myocardial scar
tissue stained with hematoxylin and eosin (A) and immunohistochemicaly stained for smooth muscle actin (B). (A)
Transplanted cells formed smooth muscle tissue (arrows) in the scar (40×). The smooth muscle is infiltrated by
lymphocytes (L) indicative of immunorejection. Angiogenesis is present as shown by the presence of arterioles (A) and
venules (V) in the smooth muscle cell transplant. (B) Transplanted smooth muscle cells stained positively for smooth
muscle actin (40×). The non-stained tissue is scar (S) with some inflammatory cell infiltration.

Figure 3 (opposite) Photomicrograph of myocardial scar tissue (S) of a control heart stained with hematoxylin and
eosin at 4 weeks after cultured medium was injected into the scar (40×). The scar is homogeneous in appearance.
Although some venules (V) are present, arterioles are not seen.



R.-K. Li et al.518

Figure 4 Photomicrograph of the fetal smooth muscle cell transplant 4 weeks after transplantation into myocardial
scar tissue (S) stained with hematoxylin and eosin (A) and immunohistochemically stained for factor VIII (B). The
endothelial cells in the blood vessel stained positively (arrows).
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specify differences between the groups. The critical
alpha-level for these analyses was set at P<0.05.

Functional data were evaluated for the control
and transplant groups by an analysis of covariance
(ANCOVA) using intracavitary balloon volume as
the covariate and systolic, diastolic and developed
pressure as dependent variables. Main effects were
group, volume, and the interaction between
group×volume.

Results Figure 5 Photomicrograph of smooth muscle cell hy-
perplasia in the transplant. At 3 weeks after smooth
muscle cell transplantation, bromodiuridine was infusedImmediately prior to transplantation, the purity of
into the animals. After 7 days the animals were sacrificed.the smooth muscle cell cultures assessed by staining
Smooth muscle cells and lymphocytes stained positivelyfor smooth muscle actin (Fig. 1) was 86.0±5.3% (a brown color) for bromodiuridine in the transplanted

(n=6). The other cells were endothelial cells area, indicating the occurrence of smooth muscle cell and
(4.2±3.6%, n=6), which were identified by stain- lymphocyte hyperplasia. (400×, reproduced at 50%).
ing for factor VIII, and fibroblasts (6.2±4.3%, n=
6) which were identified morphologically by light
microscopy. The percentage of cells unidentified pressure was 0.46±0.12 ml, which was sig-
was 3.6±2.4%. nificantly (P=0.0001) smaller than 0.66±0.09 ml

At 4 weeks after smooth muscle cell trans- of the control hearts (n=10) and the same as that
plantation, muscle tissue which stained positively of the sham-operated heart (0.49±0.29, n=10).
for smooth muscle actin was evident in the myo- Figure 6 shows the results of the rat ventricular
cardial scar tissue (Fig. 2). Despite daily treatment function studies of the transplanted (n=10), control
with maintenance doses of cyclosporin, some (n=10), and sham-operated normal (n=8) hearts.
lymphocyte infiltration, indicative of im- The ANCOVA showed a significant interaction
munorejection, was observed in the newly formed (P<0.001) for systolic pressure among trans-
tissue. In control hearts the scar tissue was homo- planted, control and sham hearts. The contractile
geneous. No muscle tissue or lymphocyte in- function of the transplanted hearts was better
filtration was observed in the control scar tissue (P<0.001) than that of the control hearts, but less
(Fig. 3). The number of blood vessels counted in (P<0.001) that of the sham hearts. The diastolic
the transplanted scar (1.8±0.4/0.8 mm3, n=5) pressure curve for the sham heart increased lin-
was higher (P<0.01) than that in the control scar earily. The transplanted and control heart diastolic
(0.4±0.3/0.8 mm3, n=5). pressure curve also increased constantly but with

The myocardial scar tissue transplanted with a lower rate. Statistical analysis demonstrated that
smooth muscle cells was significantly (P=0.02) the diastolic pressures were greater (P<0.01) for
thicker (2.08±0.67 m, n=10) than that of the the transplant and sham hearts at any diastlic
scar tissue (1.53±0.19 m, n=10) of the control volume between 0.04 and 0.30 ml (physiological
heaarts. At 4 weeks after transplantation, smooth ventricular volumes) than for the control hearts.
muscle cell hyperplasia was evident (Fig. 5). Fibro- The transplanted smooth muscle cell improved
blast hyperplasia in the scar was also present, but (P<0.001) heart function, as measured by de-
considerably less than that of the transplant smooth veloped pressure, compared to that of the control
muscle cells. The smooth muscle cells remained hearts, but was less (P<0.01) than that of the sham
localized within the scar tissue and did not invade hearts.
the host myocardium. Smooth muscle cell hyper-
trophy in the transplant did not occur, as their size of
3.53±1.35 l2 (n=7 animals) did not significantly
differ from the size of the duodenal smooth muscle Discussion
cells (3.42±1.47 l2 (n=6 animals)).

The transplanted tissue (n=10) limited left vent- The clinical application of cardiomyocyte trans-
plantation requires transplanted cells to survivericular dilatation. The ventricular chamber volume

of transplanted hearts at 30 mmHg of end diastolic and function in fibrous tissue (myocardial scar
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Figure 6 Systolic, diastolic and developed pressures of sham (n=8), transplanted (n=10) and control (n=10) hearts
with increasing intraventricular balloon volumes. Systolic and developed pressures of transplanted group were
significantly higher (P<0.001) than those of control group, but less (P<0.001) than those of sham-operated normal
heart as determined analysis of covariance using an intracavitary balloon as the covariate and systolic, diastolic and
developed pressure as dependent variables. Intraventricular volumes greater than 0.3 ml were non-physiological.
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tissue). We have successfully transplanted cardio- expansion, preventing ventricular dilatation, and
over-stretching of the cardiomyocytes during sys-myocytes isolated from fetal rat hearts into myo-

cardial scar tissue (Li et al., 1996a). Approximately tole. With over-stretching of the cardiomyocytes,
contractile force is lost (Frank-Starling Law). Other35% of the left ventricular free wall was occupied

by the transplanted cells. The cardiac tissue, formed mechanisms are possible. Although “smooth muscle
generates as much force per cross-sectional area ofby implanted cardiomyocytes in the myocardial

scar tissue, limited scar expansion and prevented muscle as skeletal muscle with only 20% of the
myosin content” (Guyton, 1991; Harris et al.,post-infarction heart failure. We hypothesized that

the mechanism of this prevention was primarily 1994), the rate of contraction of the smooth muscle
cell would be too slow to contribute to the improveddue to the transplanted cardiomyocytes strength-

ening the ventricular wall and preventing vent- contractile function of the transplanted hearts. The
elastic properties of the contractile apparatus ofricular dilatation. The contribution of the

contractility of the transplanted cardiomyocytes, the transplanted smooth muscle cell may prevent
fibroblast and cardiomyocyte stretching and vent-which were not in contact with the host myo-

cardium, was unknown. If the transplanted cells ricular enlargement. Smooth muscle cells also have
the capacity to maintain a long-term steady con-were beating in vivo, the cells would have contracted

autonomously and more slowly than the host myo- traction, called tonus contraction, which is caused
by the summation of individual contractile pulses.cardium. Since the transplanted cardiomyocytes

would not have contracted synchronously with the The smooth muscle cells in the transplant responded
to the increased stretch of the ventricular wall byhost myocardium, we believe that the main benefit

of the cardiomyocyte transplant was to increase hyperplasia, not hypertrophy, to limit ventricular
dilatation.left ventricular free wall tension which, in turn,

increased developed pressure. Therefore, non-con- The animals were treated with cyclosporin and
a minimal inflammatory reaction was present intracting muscle cell transplantation should also

improve heart function. the transplanted tissue. The 4–5-fold increase in
blood vessel formation within the transplant wasMyocardial transplantation of a non-cardio-

myocyte is possible. Satellite cells (myogenic stem thought to be primarily due to the smooth muscle
cells secreting nitric oxide (Koide et al., 1993) andcells of skeletal muscle) are mononucleated cells

that lie near the basal lamina of the skeletal muscle vascular endothelial growth factor (Stavri et al.,
1995), potent angiogenic factors, rather than duemyofibers and can differentiate into myofibers

(Campion, 1984). Transplantation of satellite cells to the inflammatory reaction. The increased blood
supply in the scar could facilitate strengthening ofinto the myocardium has received considerable

attention because satellite cells isolated from skeletal the scar in response to left ventricular free wall
stretch and improve myocardial contractility bymuscle could be autotransplanted into the myo-

cardium. The pioneering studies of satellite cell limiting remodeling.
A limitation of the study is that syngeneic animalstransplantation into the myocardium were per-

formed by Chiu’s research group at Montreal Gen- were not used to avoid immunorejection of the
transplant. Immunorejection will weaken the scareral Hospital. In 1992, they reported that skeletal

muscle satellite cells labeled with tritiated thymidine and induce some angiogenesis in the scar. We did
not use syngeneic fetal animals because of costs.implanted into freshly cryo-injured canine myo-

cardium resulted in muscle fibre formation in the Since the number of cells injected into the transplant
was arbitrary, improved myocardial function wouldtransplanted area (Marelli et al., 1992). Yoon et al.

(1997) also recently reported that the transplanted be predicted with transplantation of an optimal cell
number. The technique of cryoinjury to create asatellite cells survived and formed myofibers in the

scarred myocardium of canine hearts. However, ventricular scar in the rat ventricle was selected
over the left coronary artery ligation method.since the number of satellite cells in adult skeletal

muscle is low, isolation of sufficient numbers of Cryoinjury produces a reproducible scar, while cor-
onary artery ligation does not, in the rat. It isthese cells for successfoul transplantation may be

difficult. important to note that cryoinjury of the myo-
cardium has no clinical relevance and the resultantA smooth muscle cell transplant should increase

wall tension and elasticity. Our present study scar can differ from than found clinically.
Although the capacity for hyperplasia is limitedshowed that transplanted smooth muscle cells lim-

ited left ventricular dilatation and improved heart or lost completely in vivo for cardiomyocytes and
skeletal muscle cells in the adult animal, adultfunction. These results are consistent with the trans-

planted smooth muscle cells limiting scar smooth muscle cells can proliferate in vivo (Brent
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