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Background. Transplantation of myocytes into scarred
myocardium has been shown to inhibit ventricular re-
modeling and maintain myocardial contractility. How-
ever, the effect of cell transplantation on hearts with
global rather than regional dysfunction is unknown.
Therefore, we evaluated the effect of transplantation of
autologous smooth muscle cells on the morphometry and
function of dilated cardiomyopathic hearts.

Methods. Smooth muscle cells were isolated from the
ductus deferens of 13-week-old BIO 53.58 hamsters with
dilated cardiomyopathy, and cultured for 4 weeks before
transplantation. Smooth muscle cells (4 3 106 cells) or
culture medium were injected into 17-week-old animals
in the transplantation and control groups (n 5 12 each),
respectively. Prelabeling of the smooth muscle cells with
5-bromo-2*-deoxyuridine was performed before trans-
plantation in a group of transplanted hamsters. Another
group (sham, n 5 12) underwent the operation but did

not receive an injection either of smooth muscle cells or
of culture medium. Four weeks after transplantation,
heart function was evaluated in a Langendorff
preparation.

Results. Musclelike tissue, labeled with 5-bromo-2*-
deoxyuridine, was found at the site of transplantation in
the cell-transplanted animals. The cell-transplanted
hearts were smaller (p < 0.001), and had greater devel-
oped pressures and maximum rate of increase of left
ventricular pressure (both p < 0.001) than control and
sham hearts. Control hamsters injected with culture
medium did not differ from sham-operated animals.

Conclusions. Transplantation of autologous smooth
muscle cells prevented cardiac dilatation and improved
ventricular function in hamsters with dilated cardiomy-
opathy.
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Idiopathic dilated cardiomyopathy is one of the most
prevalent causes of significant congestive heart failure

[1], and the most common indication for cardiac trans-
plantation [2]. Although cardiac transplantation can be
an excellent therapy for patients with end-stage heart
disease, the chronic shortage of donor organs and late
sequelae of immunosuppression and rejection still limit
the applicability and efficacy of this therapy [3, 4].

Transplantation of cells, rather than the entire organ,
has undergone extensive investigation in recent years
[5–10] as a potential novel therapy for patients with
severe congestive heart failure. These investigations have
focused, however, on improving the function of hearts in
which myocardial infarction or cryoinjury has resulted in
regional ventricular dysfunction. Little is known about
the effect of cell transplantation on the contractile func-
tion of globally dysfunctional hearts, such as those with
dilated cardiomyopathy. Scorsin and coworkers [11]
studied cell transplantation in a model of doxorubicin-

induced dilated cardiomyopathy, transplanting 1 3 106

cardiomyocytes into the left ventricle. Although im-
proved fractional shortening was noted, by echocardiog-
raphy, in the cell-transplanted hearts compared to the
control hearts, the transplanted cells were not detected in
the host myocardium. These investigators attributed the
improvement in contractility to the secretion of growth
factors from the transplanted cells.

In our present study, we evaluated the effect of trans-
plantation of smooth muscle cells on the histology and
function of the hearts of adult hamsters with a hereditary
dilated cardiomyopathy, to determine whether engraft-
ment of the transplanted cells could be demonstrated,
and their effect on the contractility of the globally dys-
functional heart.

Material and Methods

Experimental Animals
The experimental animals used were male BIO 53.58
hamsters (BIO Breeders, Fitchburg, MA) weighing ap-
proximately 100 g. All procedures on these hamsters
were approved by the Animal Care Committee of the
Toronto General Hospital, and carried out in compliance
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with the “Guide to the Care and Use of Experimental
Animals” of the Canadian Council on Animal Care and
the “Guide for the Care and Use of Laboratory Animals”
published by the National Institutes of Health (NIH
publication 85-23, revised 1985).

Isolation, Culture, and Identification of the Smooth
Muscle Cells
At 13 weeks of age all animals underwent laparotomy to
remove the ductus deferens, from which the cultured
smooth muscle cells were obtained. The hamsters were
anesthetized with ketamine (20 mg/kg, intramuscular),
followed by an intraperitoneal injection of pentobarbital
(30 mg/kg). The anesthetized hamsters were ventilated
by mask with oxygen-supplemented room air. The duc-
tus deferens was exposed through a 3-cm transverse
lower abdominal incision and excised after ligation of
both ends. After abdominal closure, the hamsters were
recovered from operation, electrocardiographically mon-
itored for 4 hours, and given Penlong XL (benzathine
penicillin G 150,000U/mL and procaine penicillin G
150,000 U/mL, 0.2 mL intramuscularly) every 3 days and
buprenorphine (0.01 to 0.05 mg/kg subcutaneously) every
8 to 12 hours for the first 48 hours after operation.

The excised ductus deferens was washed with phos-
phate-buffered saline and the surrounding connective
tissue was removed. The ductus was then minced and
incubated in 10 mL of phosphate-buffered saline contain-
ing 0.2% trypsin, 0.1% collagenase, and 0.02% glucose for
30 minutes at 37°C [12]. The supernatant, containing the
suspended cells, was transferred into 20 mL of Iscove’s
modified Dulbecco’s medium (Gibco Laboratory, Life
Technologies, Grand Island, NY) containing 10% fetal
bovine serum, 0.1 mmol/L b-mercaptoethanol, 100 U/mL
penicillin, and 100 mg/mL streptomycin. This suspension
was centrifuged at 600 g for 5 minutes at room tempera-
ture. The cell pellet was resuspended in cell culture
medium and plated on one 10-cm diameter dish. The
cells were cultured and passaged once, over a 4-week
period.

The cultured smooth muscle cells were identified im-
munohistochemically, using a monoclonal antibody
against a-smooth muscle actin (Sigma, St. Louis, MO) as
previously described [6, 10].

Identification of the Transplanted Smooth Muscle Cells
To facilitate identification of the transplanted smooth
muscle cells in the recipient myocardium, cultured
smooth muscle cells at 50% confluence were labeled with
25 mL of a 0.4% solution of the thymidine analog
5-bromo-29-deoxyuridine (BrdU) (Zymed Lab Inc, South
San Francisco, CA) for 72 hours before transplantation
(n 5 2). BrdU labeling efficiency was confirmed by
staining two randomly selected dishes for BrdU. The
BrdU-labeled cells were transplanted and identified as
described below. Four weeks after transplantation, the
hamsters were sacrificed and the hearts were examined.
BrdU-labeled cells in the regions of transplantation were

identified by immunohistochemical staining as previ-
ously described [10].

Preparation and Transplantation of Smooth Muscle
Cells
Cultured smooth muscle cells were detached by the
addition of 0.05% trypsin in phosphate-buffered saline to
the culture dish for 2 minutes. After adding 10 mL of
culture medium, the cell suspension was then centri-
fuged at 580 g for 3 minutes. The cell pellet was resus-
pended in culture medium at a concentration of 100 3 106

cells/mL, and 0.04 mL of cell suspension or culture
medium was used for subsequent transplantation into
transplanted or control hearts, respectively.

At 17 weeks of age, the BIO 53.58 hamsters were again
anesthetized as previously described. The anesthetized
animals were intubated and ventilated with oxygen-
supplemented room air with a Harvard ventilator (model
683; Harvard Instruments, South Natick, MA) at a rate of
60 breaths per minute and a tidal volume of 1.5 mL. The
heart was exposed through a 3-cm left lateral thoracot-
omy. The smooth muscle cell suspension (transplanta-
tion, n 5 12) or culture medium (control, n 5 12) was
injected with a tuberculin syringe into a single site on the
anterior aspect of the left ventricular free wall. Sham
operated animals (n 5 12) underwent thoracotomy with-
out injection. After chest closure, the animals were re-
covered from the procedure and were treated with anti-
biotics and analgesics as previously described.

Evaluation of Left Ventricular Function
Four weeks after cell transplantation, the hamsters were
anesthetized and heparin sodium (100 U) was adminis-
tered intravenously. The heart was quickly excised and
perfused in a Langendorff apparatus with filtered Krebs-
Henseleit buffer (NaCl, 118 mmol/L; KCl, 4.7 mmol/L;
KH2PO4, 1.2 mmol/L; CaCl2, 2.5 mmol/L; MgSO4, 1.2
mmol/L; NaHCO3, 25 mmol/L; glucose, 11 mmol/L; pH
7.4) equilibrated with 5% carbon dioxide and 95% oxy-
gen. A latex balloon was passed into the left ventricle
across the mitral valve and connected to a pressure
transducer (model p10EZ; Viggo-Spectramed, Oxnard,
CA and differentiator amplifier (model 11-G4113-01;
Gould Instrument System Inc, Valley View, OH). Coro-
nary flow was measured in triplicate by timed collection
in the empty beating heart. After 30 minutes of stabiliza-
tion, balloon volume was increased in 0.005-mL incre-
ments from 0.005 to 0.025 mL by the stepwise addition of
saline. Heart rate, systolic and diastolic left ventricular
pressures, and maximum rate of increase of left ventric-
ular pressure 1dp/dt and 2dp/dt were recorded at each
balloon volume. Developed pressure was calculated as
the difference between the systolic and diastolic pres-
sures. After completion of all measurements, the hearts
were arrested in diastole by perfusion with 5 mL of a 20%
KCl solution. Passive left ventricular diastolic pressures
were recorded over a range of balloon volumes from
0.005 to 0.035 mL, in 0.005-mL increments, and the hearts
subsequently weighed.
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Measurement of Left Ventricular Chamber Volume
Left ventricular chamber volume was measured by the
technique of Pfeffer and associates [13]. Briefly, the hearts
were fixed in left ventricular distension (30 mm Hg) with
10% phosphate-buffered formalin solution for 2 days and
then cut into 1-mm slices. Each heart yielded six slices.
The cross-sectional area of the left ventricle on the apical
and basal faces of each section was traced onto a trans-
parency, quantified by computerized planimetry (Jandal
Scientific Sigma-Scan, Corte Madera, CA), and the mean
left ventricular cross-sectional area of the section calcu-
lated. Total left ventricular chamber volume was calcu-
lated as the sum of the mean areas per section and
multiplied by 1 mm.

Histology
Heart sections were fixed in 5% glacial acetic acid in
methanol, embedded in paraffin, and cut into 10-mm
thick sections. The sections were stained with hematox-
ylin and eosin as described in the manufacturer specifi-
cations (Sigma Diagnostics, St. Louis, MO). Sections also

underwent immunohistochemical staining [10] for BrdU
and a-smooth muscle actin.

Statistical Analysis
Data are presented as the mean 6 standard deviation
unless otherwise indicated. Statistical analysis was car-
ried out with the SAS software package (SAS Institute,
Cary, NC). Comparison of continuous variables between
more than two groups were performed by a one-way
analysis of variance. If the F ratio was significant, differ-
ences were specified by Duncan’s multiple-range t test. A
p value of less than 0.05 was considered to be statistically
significant.

Left ventricular function was evaluated by analysis of
covariance, with intraventricular volume as the covariate
and systolic, diastolic, and developed pressures, and
dp/dt as dependent variables. Main effects were group,
volume, and interaction between group and volume.
When analysis of covariance indicated a significant effect
group or interactive effect, differences were specified by
multiple pair-wise comparisons.

Fig 1. Photomicrograph of cultured smooth muscle cells (A) (1003) that stained positively for a-smooth muscle actin (B) (2003).

Fig 2. Photomicrograph of control (A; 403) and cell transplanted hearts (B; 1003) of 21-week-old cardiomyopathic hamsters (hematoxylin
and eosin). The cardiomyopathic host myocardium shows severe focal necrosis (N) and fibrosis (F). The transplanted smooth muscle cells
formed musclelike tissue (T), in which multiple small-caliber blood vessels were noted (arrow).
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Results

Purity and Labeling of Cultured Smooth Muscle Cells
The purity of the cultured smooth muscle cells, defined
as positive immunohistochemical staining for a-smooth
muscle actin, was 87.8% 6 3.4% (n 5 6) just before
transplantation (Fig 1). The efficiency of labeling with
BrdU was 48.6% 6 6.5% (n 5 2).

Histology
Severe focal myocardial necrosis and fibrosis were noted
throughout the myocardium of the 21-week-old hamsters
in all groups (Fig 2A). Four weeks after smooth muscle
cell transplantation, a block of musclelike tissue was
noted at the site of transplantation (Fig 2B). This tissue
stained positively for BrdU (Fig 3) and a-smooth muscle
actin (Fig 4), but the surrounding native myocardium did
not. Despite being injected at only a single site, the
volume of transplanted cells was sufficient to occupy
approximately 25% to 35% of the area of the left ventric-
ular free wall. The zone of transplantation demonstrated
moderate capillary ingrowth (Fig 2B). No similar muscle-
like tissue or capillary ingrowth was noted in control
hearts injected with culture medium alone (Fig 2A) or in
sham-operated animals.

Left Ventricular Function

Heart rate, coronary flow, and the ratio of heart weight to
body weight were similar between the sham-operated,
control, and transplantation groups.

Evaluation of left ventricular function in our Langen-
dorff apparatus demonstrated significantly greater sys-
tolic (p , 0.001) and developed pressures (p , 0.001) (Fig
5) in smooth muscle cell-transplanted hearts, compared
to control and sham-operated hearts. Maximum 1dp/dt
was also significantly greater in the cell-transplanted
animals (p , 0.001) (Fig 6A). No difference between

control and sham-operated animals was noted in these
measurements of systolic function.

Maximum 2dp/dt was significantly lower in the cell-
transplanted animals than in control or sham operated
hearts (p , 0.001) (Fig 6B). Both the active (p , 0.001) and
passive diastolic left ventricular pressures (p , 0.001)
were significantly greater, at any intraventricular balloon
volume, in the transplanted hearts (Fig 7). Again, the
control and sham-operated hearts did not differ signifi-
cantly in aspects of diastolic function.

Left Ventricular Volumes
Left ventricular volumes at 30 mm Hg pressure were
significantly lower in the transplanted hearts (49.28 6
3.16 mL) than in the control (98.88 6 5.21 mL) and
sham-operated hearts (89.71 6 1.74 mL) (p , 0.001).

Comment

Since the initial studies in which cultured AT-1 and fetal
cardiomyocytes were transplanted into syngeneic mouse
hearts [14, 15], significant progress has been achieved in
the field of cell transplantation. Transplantation of cul-
tured fetal and neonatal cardiomyocytes [5–7], skeletal
muscle satellite cells [8, 9], and smooth muscle cells [10]
has been shown to improve the function of scarred and
infarcted hearts. Previously, we have evaluated the effect
of allotransplantation of heart cells in BIO 53.58 cardio-
myopathic hamsters, and showed that 4 weeks later, the
transplanted heart cells formed cardiac-like tissue, lim-
ited left ventricular dilatation, and improved systolic
function [16]. The cardiaclike tissue gradually decreased
in size with time, which we attributed to chronic rejection
despite immunosuppression with cyclosporine. Cell au-
totransplantation, therefore, appeared to be an ideal way
to achieve the beneficial effects of cell transplantation
without stimulating a chronic immune response. How-
ever, autotransplantation of already cardiomyopathic
cardiomyocytes may be futile. In addition, the risk of
harvesting cardiomyocytes by percutaneous biopsy for
expansion in culture may be elevated in patients with

Fig 3. Photomicrograph of transplanted smooth muscle cells in the
transplanted hearts. Sections from hearts transplanted with
5-bromo-29-deoxyuridine-prelabeled cells were stained with hema-
toxylin and immunohistochemically for 5-bromo-29-deoxyuridine
(1003). Musclelike tissue, which stained positively for 5-bromo-29-
deoxyuridine (arrows), was found in the smooth muscle cell-trans-
planted hearts but not in the control or sham-operated hearts.

Fig 4. Photomicrograph of the musclelike tissue formed by the trans-
planted smooth muscle cells, stained immunohistochemically for
a-smooth muscle actin (arrows) (1003).
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dilated, thinned hearts. Autotransplantation of skeletal
myocytes is an alternative, but the necessary satellite
progenitor cells have been difficult to harvest and isolate
in clinically useful numbers. Therefore, we chose to study
the effects of autotransplantation of smooth muscle cells
on globally dysfunctional cardiomyopathic hamster
hearts.

In this study, we used BIO 53.58 Syrian hamsters
[17–19], which develop a dilated cardiomyopathy with
ventricular dilatation and thinning, and focal myocytoly-
sis, leading to progressive congestive heart failure. His-
tologic changes begin at approximately 10 weeks of age,
and the disease becomes clinically apparent at about 17
weeks. Abnormalities of the skeletal myocytes are also
noted. We therefore used this strain in which to evaluate
smooth muscle cell autotransplantation, and arbitrarily
selected 4.0 3 106 cultured smooth muscle cells, to be
transplanted into single site on the left ventricular free
wall.

We observed significant engraftment of the trans-
planted smooth muscle cells, which formed a musclelike
tissue occupying almost one third of the left ventricular

free wall. This tissue stained positively both for a-smooth
muscle actin, and for BrdU in hearts transplanted with
BrdU-prelabeled smooth muscle cells. The engrafted
tissue also contained numerous capillaries. Because
smooth muscle cells can proliferate in vivo [10], some of
the musclelike tissue observed may have been formed by
postimplantation hyperplasia of the transplanted cells.
The arrangement of the transplanted smooth muscle
cells, however, was clearly disorganized. Effective con-
tractility of the transplanted cells, therefore, seems un-
likely. We attributed the changes noted in the diastolic
function of transplanted hearts to the increased wall
thickness, which would limit ventricular dilatation. The
left ventricular diastolic pressure-volume relation ap-
peared to be shifted to the right in the control and
sham-operated animals, but not in the transplanted an-
imals. This shift would also result in greater systolic and
developed pressures in the transplanted hearts at equiv-
alent ventricular volumes. The significantly greater max-
imum 1dp/dt and 2dp/dt in the transplanted hearts,
however, suggests that cell transplantation favorably
affected systolic shortening and active relaxation to a

Fig 5. Peak systolic (A) and developed left ventricular pressures (B) in the transplanted, control, and sham-operated hearts over a range of in-
traventricular balloon volumes (mean 6 standard deviation). Peak systolic and developed pressures in the transplantation group were signifi-
cantly higher than in the control and sham-operated groups (p , 0.001). There were no significant differences between control and sham-oper-
ated hearts.

Fig 6. Maximum left ventricular 1dp/dt (A) and 2dp/dt (B) in the transplanted, control, and sham-operated hearts over a range of intraven-
tricular balloon volumes (mean 6 standard deviation). Maximum 1dp/dt was significantly higher, and maximum 2dp/dt was significantly
lower, in the transplantation group than in the control and sham operated groups (p , 0.001). There were no significant differences between
control and sham-operated hearts.
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greater degree than can be explained purely by the
change in the diastolic pressure–volume relation.

Modification of the contractility of myopathic native
cardiomyocytes themselves by the process of cell trans-
plantation is another perhaps less plausible mechanism
by which left ventricular function was improved, but it is
possible that the modest angiogenesis noted in the region
of smooth muscle cell implantation may have improved
regional perfusion and thereby augmented native cardi-
omyocyte contractility. There were, however, no appar-
ent differences in the degree of myocytolysis in the
surrounding myocardium between the transplanted,
control and sham-operated groups. The release of growth
factors from the transplanted cells, which was not as-
sessed in this study, might potentially also have affected
ventricular morphology and function.

Autologous smooth muscle cell transplantation may
prove to be a clinically applicable therapeutic strategy.
Smooth muscle cells can be obtained by laparoscopic
biopsy from the ductus deferens, stomach, vermiform
appendix, or uterus for expansion in culture before
autotransplantation back into the heart of the same
patient.

Although smooth muscle cell transplantation im-
proved left ventricular function and limited ventricular
dilatation in our hamster model of dilated cardiomyopa-
thy, we did not evaluate the long-term survival of these
animals. In addition, it is still unclear as to which char-
acteristics of smooth muscle cells are responsible for the
change in ventricular function. Smooth muscle cell con-
traction is extremely energy-efficient, compared to skel-
etal muscle, and despite the relatively few myosin fila-
ments and the slow cycling time of the actin–myosin
cross-bridge, the maximum force of contraction of
smooth muscle is often even greater than that of skeletal
muscle [20]. We are undertaking further studies of
smooth muscle cell transplantation in a large animal
model of dilated cardiomyopathy to further define the
mechanisms by which smooth muscle cell transplanta-
tion exerts its effect.

We thank Dev Olshansky and James C. Ho for the preparation
and staining of the histologic materials and Drs Eung-Joong Kim
and Shinji Tomita for surgical assistance. Ren-Ke Li is a Re-
search Scholar of the Heart and Stroke Foundation of Canada.
Richard D. Weisel is a Career Investigator of the Heart and
Stroke Foundation of Ontario. This research was supported by
Ren-Ke Li’s research grants from the Medical Research Council
of Canada (MT-13665).

References

1. Richardson P, McKenna W, Bristow MR, et al. Report of the
1995 World Health Organization/International Society and
Federation of Cardiology Task Force on the definition and
classification of cardiomyopathies. Circulation 1996;93:841–2.

2. Hosenpud JD, Bennett LE, Keck BM, Fiol B, Boucek MM,
Novick RJ. The registry of the International Society for Heart
and Lung Transplantation: Sixteenth official report-1999.
J Heart Lung Transplant 1999:18:611–26.

3. Pennington DG, Oaks TE, Lohmann DP. Permanent ventric-
ular assist device support versus cardiac transplantation.
Ann Thorac Surg 1999;68:729–33.

4. Brann WM, Bennett LE, Keck BM, Hosenpud JD. Morbidity,
functional status, and immunosuppressive therapy after
heart transplantation: an analysis of the Joint International
Society for Heart and Lung Transplantation/United Network
for Organ Sharing Thoracic Registry. J Heart Lung Trans-
plant 1998;17:374–82.

5. Li R-K, Jia ZQ, Weisel RD, et al. Cardiomyocyte transplan-
tation improves heart function. Ann Thorac Surg 1996;62:
654–61.

6. Li R-K, Mickle DAG, Weisel RD, et al. Natural history of fetal
rat cardiomyocytes transplanted into adult rat myocardial
scar tissue. Circulation 1997;96(Suppl 2):179–87.

7. Watanabe E, Smith DM, Delcarpio JB, et al. Cardiomyocyte
transplantation in a porcine myocardial infarction model.
Cell Transplantation 1998;17:239–46.

8. Taylor DA, Atkins BZ, Hungspreugs P, et al. Regenerating
functional myocardium: improved performance after skele-
tal myoblast transplantation. Nature Med 1998;4:929–33.

9. Chiu RC-J, Zibaitis A, Kao RL. Cellular cardiomyoplasty:
myocardial regeneration with satellite cell implantation.
Ann Thorac Surg 1995;60:12–8.

10. Li R-K, Jia ZQ, Weisel RD, Merante F, Mickle DAG. Smooth
muscle cell transplantation into myocardial scar tissue im-
proves heart function. J Mol Cell Cardiol 1999;31:513–22.

11. Scorsin M, Hagege AA, Dolizy I, et al. Can cellular trans-

Fig 7. Active (A) and passive (B) left ventricular diastolic pressures in the transplanted, control, and sham-operated hearts over a range of in-
traventricular balloon volumes (mean 6 standard deviation). Diastolic pressures in the transplanted hearts were significantly higher, at any
intraventricular balloon volume, than in the control and sham-operated groups (p , 0.001). There were no significant differences between con-
trol and sham-operated hearts.

864 YOO ET AL Ann Thorac Surg
CELL TRANSPLANTATION IN CARDIOMYOPATHY 2000;70:859–65



plantation improve function in doxorubicin-induced heart
failure? Circulation 1998;98(Suppl 19):III51–5.

12. Li R-K, Weisel RD, Williams WG, Mickle DAG. Method of
culturing cardiomyocytes from human pediatric ventricular
myocardium. J Tiss Cult Meth 1992;14:93–100.

13. Pfeffer JM, Pfeffer MA, Fletcher PJ, Braunwald E. Progressive
ventricular remodeling in rat with myocardial infarction.
Am J Physiol 1991;260 (Heart Circ Physiol 29):H1406–14.

14. Koh GY, Soonpaa MH, Klug MG, Field LJ. Long-term
survival of AT-1 cardiomyocyte grafts in syngeneic myocar-
dium. Am J Physiol 1993;264:H1727–33.

15. Soonpaa MH, Koh GY, Klug MG, Field LJ. Formation of
nascent intercalated disks between grafted fetal cardiomyo-
cytes and host myocardium. Science 1994;264:98–101.

16. Yoo K-J, Li R-K, Weisel RD, et al. Heart cell transplantation

improves heart function in dilated cardiomyopathic ham-
sters. Circulation 2000; in press.

17. Okada H, Kawaguchi H, Kudo T, et al. Alteration of extra-
cellular matrix in dilated cardiomyopathic hamster heart.
Mol Cell Biochem 1996;156:9–15.

18. Yamada S, Ohkura T, Yamadera T, et al. Abnormalities in
plasma catecholamines and myocardial adrenoreceptors in
cardiomyopathic BIO 53.58 Syrian hamsters and improve-
ment by metoprolol treatment. JPET 1997;283:1389–95.

19. D’Hahan N, Taouil K, Janmot C, Morel JE. Effect of trimeta-
zidine and verapamil on the cardiomyopathic hamster my-
osin phenotype. Brit J Pharmacol 1998;123:611–6.

20. Guyton AC. Contraction and excitation of smooth muscle.
In: Guyton AC, ed. Textbook of medical physiology, ed 8.
Philadelphia: WB Saunders, 1991:87–95.

DISCUSSION

DR ROBERT L. KORMOS (Pittsburgh, PA): It is always nice to
be able to say that I was at a lecture that I can look back on and
say I am glad I was there. It is very encouraging to see the work
that you and Dr Weisel’s laboratory have been doing over the
years in this area, because for those of us interested in myocar-
dial recovery, in particular in congestive heart failure on ven-
tricular assist devices, we are always looking for an adjuvant to
decompressing the heart alone, and this has tremendous impli-
cations for that field.

My question relates to whether or not you believe that some
form of angiogenesis, whether this is genetically done or
other methods, will be necessary as a coadjuvant with the
smooth muscle cells, and I say that because, as you know,
dilated cardiomyopathy contains varying degrees of scar
depending on the length of exposure to tumor necrosis factor.
So will this type of transplantation work uniformly in a
patient with dilated cardiomyopathy or will we have to add
something such as an angiogenesis-type agent in areas where
there is going to be scar?

DR YOO: Thank you, Dr Kormos. Angiogensis is essential for
the transplanted cells to survive in the cryoinjured scar. Fortu-
nately, the transplanted cells induce angiogenesis by releasing a
variety of factors, which encourage the growth of blood vessels
and capillaries. In addition our smooth muscle cell cultures also
contain endothelial cells, which can participate in the formation
of new capillaries. We can enhance the angiogenesis by trans-
fecting the cells with a plasmid, which will produce vascular
endothelial growth factor (VEGF).

DR RICHARD D. WEISEL (Toronto, Ontario, Canada): Doctor
Kormos, angiogenesis is very important to the survival of the
transplanted cells.

DR CONSTANTINE MAVROUDIS (Chicago, IL): That was an
excellent presentation. The graphics, in particular, enhanced
your presentation immensely. My comment is actually a word of
caution in terms of evaluating such a small heart with a Langen-

dorff preparation. The results should be interpreted because this
preparation is subject to pertubations such as myocardial
edema, ventricular dysfunction, and the like.

But going forward with my question, have you figured out any
other ways to measure ventricular function either in vivo or
using some other more sophisticated ways, because I think that
the Langendorff preparation leaves a lot to be desired in terms of
making this a believable entity. I think all the other parts of your
experiments were excellent, but I think the Langendorff prepa-
ration is lacking, and I wonder whether you have any comments
about that.

DR YOO: Thank you Dr Mavroudis. The Langendorff prepara-
tion provides useful information about heart function, but un-
fortunatley the heart is not ejecting. Recently, we have used
echocardiography to assess heart function in vivo. However,
echocadiographic measurements are also limited because we
cannot accurately control preload, afterload, and pulse rate.
Therefore, the assessment of ventricular function is difficult in
small animals with both techniques.

DR PATRICIA THISTLEWAITE (San Diego, CA): Do your
smooth muscle cells in culture undergo cellular division, and if
so, how many divisions, and when the cells are injected into the
heart, how many divisions does it take until some architecture is
achieved?

DR YOO: Thank you, Dr Thistlewaite. The smooth muscle cells
were induced to proliferate in vitro by fetal bovine serum. We
used cells expanded in passage one that were then injected into
the hamster hearts. In a previous study we found that the
smooth muscle cells continued to proliferate after transplanta-
tion because some of the cells took up BrdU (Li and associates
[10]). However, only a few cells divided after transplantation and
all cells divided in vitro.

DR WEISEL: Doctor Thistlewaite, we used cells expanded in
vitro.
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