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Feasibility Study of a Direct Endo-Aortic Clamp Balloon

TomoHIRO AnzAL* YOsHimi lino,* TakasHi Kumeno, T anp Ryone Yozu*

We have developed a new end-aortic clamp balloon catheter
intended to be inserted directly into, thereby occluding, the
ascending aorta. We examined the performance of this cath-
eter in a canine model. We evaluated the extent of migration
tolerance of the catheter under cardiopulmonary bypass per-
fusion in 12 mongrel dogs, weighing 20 kg, under general
anesthesia. After institution of cardiopulmonary bypass, this
catheter was inserted into the ascending aorta, and the bal-
loon was inflated to occlude the ascending aorta. After the
canine heart was arrested following the administration of
cardioplegic solution, balloon migration was examined over a
period of 3 hours, with hourly increases in perfusion pressure
from 50 mm Hg to 80 mm Hg and finally to 100 mm Hg. After
the migration test, ascending aortic wall sections, where the
balloon was inflated, were examined microscopically. At in-
ternal balloon pressure of 300 to 400 mm Hg, migration
occurred at perfusion pressure of =90 to 100 mm Hg. No
histological differences were observed with use of the balloon
catheter, compared with an extra-aortic clamp forceps. Based
on these results, this device is safe, feasible, and can ade-
quately occlude the ascending aorta during cardiopulmonary
bypass. We conclude that this device is effective in patients
weighing 20 kg. ASAIO Journal 2007; 53:136-139.

M inimally invasive cardiac surgery (MICS) has been used as
an alternative approach to conventional cardiac surgery since
1995,%.2 with an equivalent outcome, but itis less invasive and
requires a smaller incision. Various technologies for use in
MICS have improved the effectiveness of the surgery.*7 These
include devices to enhance extracorporeal circulation and
facilitate aortic clamping,8 a maneuver that is essential for
intracardiac repair during surgery.

Clamping of the ascending aorta in median full sternotomy
is straightforward, but this procedure is much more difficult to
perform safely from a small incision in MICS. in particular, the
Port-Access System (Cardiovations, Ethicon Inc, Somerville,
N}), in which the endo-aortic clamp (EAC) balloon catheter is
inserted in retrograde fashion from the peripheral artery, is
difficult to use in Japanese patients of small stature.? For this
reason, we have developed a balloon catheter, which we refer
to as a direct EAC balloon, that can be directly inserted into the
ascending aorta. The device is composed of a three-lumina
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catheter including one balloon made of medical grade
polypropylene® and two other lumina catheters, the cardio-
plegia port and the vent lumen port. We also developed a
half-size model of the balloon catheter in the same fashion for
experimental use. This EAC balloon catheter has two lumina,
one for the balloon, which is made of wire-reinforced polypro-
pylene. The other lumina, for the infusion port, was selected
from 13 kinds of polypropylene material, based on compliance
and durability. We tested the isolated dog aorta under pres-
sures of 50 mm Hg, 80 mm Hg, and 100 mm Hg every hour for
a of total 3 hours. We developed the geometry of the catheter
and evaluated the ability of the new balloon to occlude the
aorta.

In this study, we examined the extent of the migration
tolerance of our newly designed catheter in a canine model.

Materials and Methods

The newly designed balloon catheter was intended to allow
insertion directly into the ascending aorta, in contrast to the
commercially available port-access system, in which the cath-
eter is inserted through the peripheral vasculature. The direct
EAC balloon catheter has the following advantages: inflation of
the device is possible within the ascending aorta to occlude
the lumen and thus to stop blood flow; the balloon can be
secured without any risk of migration; the device allows injec-
tion of cardioplegic solution through the catheter; the device is
easy to insert and safe to use; the narrow catheter in the device
reduces disturbance of the operative field; and, the device can
be used in versatile ways in almost all cardiac procedures.

The configuration of the balloon catheter is shown in Figure
1. The catheter is 40 cm in length and the outer diameter is 3.6
mm (12F). The mold size of the balloon is 20 mm in diameter,
with the maximum inflated size being 80 mm in diameter. We
also developed a half-size model of the balloon catheter in the
same fashion for experimental use. This EAC balloon catheter
is 30 cm in length, with outer diameter of 2.0 mm (Figure 2).
The balloon size and the capacity of the catheter is half the size
of the original device.

The method used in the study involved performing cardio-
pulmonary bypass (CPB) with the balloon in 12 mongrel dogs
{20 kg) under general anesthesia. First, ketamine hydrochloride
25 mg/kg) was administered intravenously, and anesthesia
was maintained with intravenous pentobarbital and inhaled
isoflurane. All dogs were mechanically ventilated with 100%
oxygen through an endotracheal tube."! For monitoring during
surgery, an electrocardiogram, rectal temperature, artery pres-
sure of the carotid artery, balloon internal pressure, aortic root
pressure, and perfusion pressure were recorded (Figure 3).

A right thoracotomy was performed at the fifth intercostal
space, and the location of the ascending aorta was confirmed
and outer diameter was measured. Heparin sulfate (60 U/kg)
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Specification

iy A 7.'
AP Balloon Catheter
Length : 30mm Structure : 3 lumen(wirewound)
Diameter : 20mm Effective length : 330mm
(extension to 40mm) ~ Outer diameter - 4 Omm(12Fr.)

Material: polyurethane Material : polvurethane

Figure 1. Direct endo-acrtic clamp (EAC) balloon.

was injected intravenously. The rectal temperature was kept at
30°C during CPB. We cannulated into the right femoral artery
and the right atrium with a two-stage cannula; an aortic root
cannula was inserted into the ascending aorta and kept in
during the procedure. The EAC halloon catheter was inserted
into the ascending aorta by the Seldinger method and posi-
tioned while systemic arterial pressure and aortic root pressure
were noted. The balloon was then inflated, with confirmation
that the internal pressure of the balloon was 300 to 400 mm
Hg, and a cardioplegic solution (10 ml/kg) was injected. Mi-
gration of the balloon was estimated while increasing the
perfusion pressure hourly from 50 mm Hg to 80 mm Hg and
finally to 100 mm Hg, over a total of 3 hours. In addition, the
same experiment was performed by using the extra-aortic
clamp forceps (EACF) method, and the histology of the region
adjacent to the fixed part of the direct EAC balloon catheter
was compared with a similar region following use of the EACF
method.

Results

In all dogs, the EAC bhalloon catheter was inserted into the
best position; it was achieved with the surgeon loaking directly
at the aorta and monitoring the blood pressure. At a balloon
pressure of 300 to 400 mm Hg, the EAC halloon did not

[ Balloon lumen
Cardioplegia/vent lumen

Figure 2. Direct EAC balloon (animal-sized model).

Venous Revervou
Monitor
1 Balloon Pressure
Cooniugal top 2 Perfusion Pressure
3 Root Pressure
Membrane
Onygeacrator

Figure 3. Animal model. For monitoring during surgery, an elec-
trocardiogram, rectal temperature, artery pressure of the carotid
artery, balloon internal pressure. aortic root pressure, and perfusion
pressure were recorded.

migrate into the ascending aorta at systemic perfusion pres-
sures up to 100 mm Hg (Figure 4). However, when the pump
pressure exceeded 100 mm Hg, migration of the balloon oc-
curred, suggesting that this is the pressure threshold of the EAC
balloon catheter (Figure 5).

A histological evaluation using hematoxylin and eosin stain-
ing and elastic fiber staining was performed. Few histological
differences were ohserved between animals treated using the
EAC halloon and those treated using EACF. In the EACF
method, most of the arterial wall at the clamp position showed
normal histology; however, changes were seen in some areas.
Most endathelial cells were detached, some intima were
mildly degenerated and necrotic, and some smooth muscle
cells of the media were necrotic (Figure 6); these changes are
thought to result from compression by the aortic clamp for-
ceps. In the EAC method, the arterial wall at the clamp position
also mainly demonstrated normal histology; however, changes
were seen in some areas. The connective tissue of the media
had loosened, but none of the smooth muscle cells of the
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Figure 4. Pressure-time curve. At a balloon pressure of 300 to
400 mm Hg, the EAC balloon did not migrate into the ascending
aorta for systemic perfusion pressures up to 100 mm Hg.
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Figure 5. Migration resistance threshold. When the pump pres-
sure exceeded 100 mm Hg, migration of the balloon occurred.

media were necrotic. However, some endothelial cells had
hecome detached and necrotic changes in these cells were
observed (Figure 7). These histological changes are thought to
result from compression by the EAC balloon from the interior
of the aorta

Discussion

Minimally invasive cardiac surgery is likelv 1o be one of the
main approaches to cardiac surgery in the future. Given this, a
device that allows aortic occlusion through a small incision is
necessary, such that this surgery can be performed as effec-
tively as with median sternotomy.'?1* Aortic clamping is an
important aspect of MICS, and confirmation of the stability of
the EAC halloon at normal blood pressure is required before its
use in aortic clamping in cardiac surgery.

Conventionally, aortic clamping has used an approach from
the femoral artery, hased on the port-access system. However,

Figure 6. Elastic fiber stain of extra-aortic clamp forceps (EACF).
Most endothelial cells were detached; some intima were mildly
degenerate and necrotic; some smooth muscle cells of the media
were necrotic.

Figure 7. Elastic fiber stain of endo-aortic clamp balloon (EACB).
The connective tissue of the media had loosened, but none of the
smooth muscle cells of the media were necrotic. Some endothelial
cells had become detached, and necrotic changes in these cells
were observed.

this device can lead to arteriovenous complications in the
lower extremities as the result of migration, and it is also
difficult to use the device in Japanese patients of small stature.
In contrast, our new aortic clamping device, the so-called EAC
balloon catheter, is not restricted in this way, since it allows
direct insertion from the ascending aorta. [n the current study,
the device was able to resist a pressure of about three times that
ot normal blood pressure, suggesting that application of the EAC
bhalloon catheter in clinical practice should he possible.

As an example of the use of the FAC balloon catheter, we
describe the case of an atrial septal defect leading to cardiac
arrest, in which the extent of inflation of the EAC balloon was
measured by using the ascending aorta diameter determined
by CT in the patient, since the inflation-volume curve and the
balloon diameter are related. The EAC balloon catheter was
inserted from some distance away, and surgery was completed
without disturbing the intracardiac conditions. This led to a
good outcome, and the patient was discharged from hospital
on the third postoperative day. Specific assessment of the EAC
halloon catheter in the future will require evaluation of its
stability and other properties of the balloon catheter in an
arteriosclerosis model. However, the stability of the half-sized
model developed in the current study suggests that this device
may be applicable to cardiac surgery in children weighing up
to 20 kg without arteriosclerosis.

Conclusion

In conclusion, we have developed a new direct endo-aortic
occlusion balloon catheter for technological support of the
MICS procedure and shown that it can be easily and safely
used without use of a fluoroscopy. The results show that the
EAC halloon catheter can occlude the ascending aorta during
CPB, and the balloon shows sufficient stability to suggest that
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it would be tolerant in clinical use. In addition, the direct EAC
bhalloon catheter has potential for use in reoperation without
adhesiotomy, and the half-size model of the direct EAC bal-
loon catheter has potential for use in children weighing up to
20 kg.
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Article Chronology: The clinical application of cell transplantation for severe heart failure is a promising strategy to
Received 24 August 2006 improve impaired cardiac function. Recently, an array of cell types, including bone marrow cells,
Revised version received endothelial progenitors, mesenchymal stem cells, resident cardiac stem cells, and embryonic
19 April 2007 stem cells, have become important candidates for cell sources for cardiac repair. In the present
Accepted 24 April 2007 study, we focused on the placenta as a cell source. Cells from the chorionic plate in the fetal
Available online 5 May 2007 portion of the human placenta were obtained after delivery by the primary culture method, and
the cells generated in this study had the Y sex chromosome, indicating that the cells were
Keywords: derived from the fetus. The cells potentially expressed ‘working’ cardiomyocyte-specific genes
Placenta such as cardiac myosin heavy chain 7p, atrial myosin light chain, cardiac «-actin by gene chip
Co-culture analysis, and Csx/Nkx2.5, GATA4 by RT-PCR, cardiac troponin-I and connexin 43 by
Cardiac differentiation immunohistochemistry. These cells were able to differentiate into cardiomyocytes. Cardiac

troponin-1 and connexin 43 displayed a discontinuous pattern of localization at intercellular
contact sites after cardiomyogenic differentiation, suggesting that the chorionic mesoderm
contained a large number of cells with cardiomyogenic potential. The cells began spontaneously
beating 3 days after co-cultivation with murine fetal cardiomyocytes and the frequency of
beating cells reached a maximum on day 10. The contraction of the cardiomyocytes was
rhythmical and synchronous, suggesting the presence of electrical communication between the
cells. Placenta-derived human fetal cells may be useful for patients who cannot supply bone
marrow cells but want to receive stem cell-based cardiac therapy.
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Introduction

Major advances have been made in the prevention, diagnosis, and
treatment of ischemic heart disease and cardiomyopathy,
including the use of heart transplantation and artificial hearts.
However, the number of patients suffering from heart disease is
still increasing [1]. Morbidity and mortality from cardiovascular
diseases continue to be an enormous burden experienced by
many individuals, with substantial economic cost. Enthusiasm
for cell therapy for the injured heart has already reached the
clinical setting, with physicians in several countries involved in
clinical trials using several types of cell populations [2,3]. Bone-
marrow-derived mononuclear cells [4,5], unfractioned bone
marrow cells [6], bone-marrow-derived CD133" cells (7], and
myoblasts [8] have been injected into the ischemic heart clinically.

Mesenchymal stem cells (MSCs) are a potential cellular source
for stem cell-based therapy, since they have the ability to
proliferate and differentiate into mesodermal tissues, including
the heart tissue, and entail no ethical problems [9]. Human MSCs
have been used clinically to treat patients with graft versus host
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disease and osteogenesis imperfecta [10,11]. We previously
showed that murine and human marrow-derived MSCs can
differentiate into cardiomyocytes and start to beat synchronously
in vitro [12,13]. In addition, we and other groups proposed that
direct injection of murine MSCs intc the heart is a feasible
approach in murine models of ischemic heart disease and in the
normal mouse heart [14,15]. Although MSC transplantation
slightly improved impaired cardiac function, this effect was
limited. One of the reasons for this may be due to an extremely
low rate of cardiomyogenesis from marrow-derived MSCs in vitro
[13] and in vivo [14-17]. In order to further improve cardiac
function, we have been searching for another source of MSCs
having highly cardiomyogenic potential.

The placenta is composed of the amniotic membrane,
chorionic mesoderm, and decidua; the amniotic membrane
and chorionic mesoderm are the fetal portion and the decidua
is the matemal portion (Fig. 1A) [18]. Recently it was reported
that the chorionic villi of the placenta differentiated into
osteocytes, chondrocytes and adipocytes under specific culture
conditions [19,20]. In this study, we generated cells with the
mesenchymal phenotype from the chorionic mesoderm, and
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Fig. 1 - Establishment of chorionic plate cells. (A) Chorionic plate cells were established by primary culture of chorionic plate
(red square in the chorionic mesoderm) in the human placenta. (B) Chorionic plate cells at PD 4 consisted of heterogeneous cell
population. Three images show chorionic plate cells in the same culture dish. Their shape is different from that of fibroblasts.
(C) Karyotyping by G-banding stain of chorionic plate cells. No chromosomal aberration was detected. (D) Chorionic plate cells
have one X chromosome (red) and one Y chromosome (light blue). Nuclei were stained with DAPI (blue). (E) Flowcytometric

analysis of chorionic plate cells using antibodies for CD14, CD29, CD31, CD34, CD44, CD45, CD59, CD73, CD90, CD105 and CD166.
Black lines and shaded areas indicate reactivity of antibodies for isotype controls and that of antibodies for cell surface markers,

respectively.
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showed that: (a) physiologically functioning cardiomyocytes
were transdifferentiated from human placenta-derived chori-
onic plate cells, but clear osteogenic and adipogenic phenotypes
were not induced; (b) the cardiomyogenic induction rate
obtained using our system was relatively high compared to
that obtained using the previously described method [13]; (c) co-
cultivation with fetal murine cardiomyocytes alone without
transdifferentiation factors such as 5-azaC or oxytocin is
sufficient for cardiomyogenesis in our system; (d) chorionic
plate cells have the electrophysiological properties of ‘working’
cardiomyocytes. The chorionic mesoderm contained a large
number of cells with a cardiomyogenic potential.

Materials and methods

Chorionic plate cell culture

A human placenta was collected after delivery of a male neonate
with informed consent. The study was approved by the ethics
committee of Keio University, Tokyo, Japan (Number 17-44-1). To

isolate chorionic plate cells, we used the explant culture method,
in which the cells were outgrown from pieces of chorionic plate
attached to dishes (Fig. 1A). Briefly, the decidua of the maternal
part was separated and discarded. The chorionic plate from the
fetal part were cut into pieces approximately 5 mm? in size. The
pieces were washed in DMEM (high glucose; Kohjin Bio)
supplemented with 100 U/ml penicillin-streptomycin (Gibco),
1 pg/ml Amphotericin B (Gibco) and 4 U/ml Novo-Heparin
Injection 1000 (Mochidaseiyaku Co., Ltd.), until the supernatant
was free of erythrocytes. Some pieces of chorionic plate were
attached to the substratum in a 10-cm-diameter dish (Falcon,
Becton, Dickinson and Company (BD), San Jose, CA, USA). Culture
medium consisting of DMEM (high glucose; Kohjin Bio) supple-
mented with 10% FBS (CCT, Cansera, Canada) was added. The
cells migrated out from the cut ends after approximately 20 days
of incubation at 37 °C in 5% CO,. The migrated cells were
harvested with phosphate-buffered saline (PBS) with 0.1% trypsin
and 0.25 mM EDTA (ethylenediamine-N,N,N’N"-tetraacetic acid)
(Immuno-Biological Laboratories) for 5 min at 37 °C and counted.
The harvested cells were re-seeded at a density of 3 x 10° cellsin a
10-cm-diameter dish. Confluent monolayers of cells were sub-
cultured at a 1:8 split ratio onto new 10-cm-diameter dishes and
designated “chorionic plate cells”. The culture medium was
replaced with fresh culture medium every 3 or 4 days. The
chorionic plate cells used in this study were within five to nine
population doublings (approximately two to five passages).

Reverse transcriptase (RT)-PCR

Chorionic plate cells at PD 6 were dissociated with 0.1% trypsin
and 0.25 mM EDTA for S min at 37 °C. Total RNA was extracted
with RNeasy (Qiagen). Human cardiac RNA was purchased
(Clontech). RNA for RT-PCR was converted to cDNA with
Superscript (Invitrogen) according to the manufacturer's
recommendations. RT-PCR was performed by using primers
for the genes of cardiac transcription factors: Csx/Nkx-2.5,
GATA4; a cardiac hormone: atrial natriuretic peptide (ANP),
brain natriuretic peptide (BNP); cardiac structural proteins:
cardiac troponin-I (cTnl), cardiac troponin T (cTnT), myosin
light chain-2a (MLC-2a), cardiac actin; and 18s rRNA. 18s rRNA
(18S) was used as an internal control. PCR was performed with
recombinant Taq (Toyobo Co., Ltd.) or TaKaRa LA Taq with GC
Buffer (Takara Shuzo Co., Ltd.} for 30 or 35 cycles, with each
cycle consisting of 95 °C for 30 s, 55 °C, 61 °C or 65 °C for 45 s,
and 2 °C for 45 s, with an additional 5-min incubation at 72 °C
after completion of the final cycle. The PCR was performed in
50 pl of buffer (10 mmol/l Tris-HCI (pH 8.3}, 2.5 mmol/l1 MgCl,,
and 50 mmol/1 KCl) containing 1 mmol/1 each of dATP, ACTP,
dGTP, and dTTP, 2.5 U of Gene Taq (Nippon Gene), and
0.2 mol/] primers. The PCR products were size fractionated by
2% agarose gel electrophoresis.

Karyotyping of chorionic plate cells

Metaphase spreads were prepared from chorionic plate cells
treated with 100 ng/ml colcemid (Karyo Max, Gibco Co. BRL) for
6 h. We performed karyotyping by G-banding stain on at least 30
metaphase spreads for each population. The CEP X/Y DNA Probe
Kit (Vysis) was used to determine the proportion of XX and XY
cells in accordance with the manufacturer's suggestions.
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Fig. 2 - Gene expression of cardiomyocyte-specific/associated
genes in chorionic plate cells. RT-PCR analysis revealed
expression pattemns of cardiomyocyte-specific or associated
genes; Csx/Nkx2.5, GATA4, ANP, BNP, cTnl, cTnT, cardiac actin
and MLC-2« (from left to right) in human heart, chorionic plate
cells (CPCs), chorionic plate cells after co-culturing with murine
embryonic cardiomyocytes (CPCs + MEC), murine embryonic
cardiomyocytes (MEC) and water. “RT-" represented an
omission of a reverse transcriptase treatment to RNA as
negative control. Human heart RNA and water (without RNA)
served as positive and negative control, respectively. 18s rRNA
(18S) was amplified in parallel reactions as a housekeeping
gene serving as an internal control.

Flow cytometric analysis

Chorionic plate cells were stained for 1 h at 4 °C with
primary antibodies and immunofluorescent secondary anti-
bodies. The cells were then analyzed on a Cytomics FC 500
(Beckman Coulter, Inc.) and the data were analyzed with
the FlowJo Ver.7 (Tree Star, Inc.). Antibodies against human
CD14 (6603511, Beckman Coulter), CD29 (Integrin-31)
(6604105, Beckman Coulter), CD31 (PECAM-1) (IM1431, Beck-
man Coulter), CD34 (IM1250, Beckman Coulter), CD44
(IM1219, Beckman Coulter, IM1219), CD45 (556828, Beckman
Coulter), CD59 (IM3457, Beckman Coulter), CD73 (550257, BD
Pharmingen), CD90 (Thy-1) (555596, BD Pharmingen), CD105
(Endoglin) {A07414, Beckman Coulter) and CD166 (ALCAM)

(559263, BD Pharmingen) were adopted as primary
antibodies.

Gene chip analysis

Human genomewide gene expression was examined with the
Human Genome U133A Probe array (Affymetrix), which con-
tains the oligonucleotide probe set for approximately 23,000
full-length genes and expressed sequence tags (ESTs). Total
cellular RNA was immediately isolated with the RNeasy
(Qiagen), according to the manufacture’s instructions. Con-
taminating DNA was eliminated by DNase I (Takara Bio Inc.).
The purity of RNA was assessed on the basis of the A260/A280
ratio, and the integrity of RNA was verified by agarose gel
electrophoresis. Double-stranded cDNA was synthesized from
DNase-treated total RNA, and the cDNA was subjected to in
vitro transcription in the presence of biotinylated nucleoside
triphosphates, according to the manufacturer's protocol (One-
Cycle Target Labeling and Control Reagent package (http//www.
affymetrix.com/support/technical/manual/expression_manual.
affx]). The biotinylated cRNA was hybridized with a probe array
for 16 h at45 °C, and the hybridized biotinylated cRNA was stained
with streptavidin-PE and scanned with a Hewlett-Packard Gene
Array Scanner (Palo Alto). The fluorescence intensity of each
probe was quantified by using the GeneChip Analysis Suite 5.0
computer program (Affymetrix). The expression level of a single
mRNA was determined as the average fluorescence intensity
among the intensities obtained with 11 paired (perfectly matched
and single-nucleotide-mismatched) probes consisting of 25-mer
oligonucleotides. If the intensities of mismatched probes were
very high, gene expression was judged to be absent, even if high
average fluorescence was obtained with the GeneChip Analysis
Suite 5.0 program. The level of gene expression was determined
with the GeneChip software as the average difference {(AD).
Specific AD levels were then calculated as the percentage of the
mean AD level of six probe sets for housekeeping genes (actin and
GAPDH [glyceraldehyde-3-phosphate dehydrogenase] genes).
Further data analysis was performed with Genespring software
version 5 (Silicon Genetics). To normalize the staining intensity
variations among chips, the AD values for all genes on a given
chip were divided by the median of all measurements on that
chip. To eliminate changes within the range of background noise
and to select the most differentially expressed genes, data were
used only if the raw data values were less than 100 AD and gene
expression was judged to be present by the Affymetrix data
analysis.

Table 1 -~ RT-PCR primers used in this study

Primer (sense)

Primer (anti-sense)

Annealing temperature (°C) Product size (bp)

Csx/Nkx-25 CTTCAAGCCAGAGGCCTACG CCGCCTCTGTCTTCTCCAGC 61 233
GATA4 GACGGGTCACTATCTGTGCAAC AGACATCGCACTGACTGAGAAC 61 475
ANP GAACCAGAGGGGAGAGACAGAG CCCTCAGCTTGCTTTTTAGGAG S5 406
BNP CATTTGCAGGGCAAACTGTC CATCTTCCTCCCAAAGCAGC 55 206
MLC-2a GAAGGTGAGTGTCCCAGAGG ACAGAGTTTATTGAGGTGCCCC 65 376
cTnT GGCAGCGGAAGAGGATGCTGAA GAGGCACCAAGTTGGGCATGAACGA 65 152
cTnl CCCTGCACCAGCCCCAATCAGA  CGAAGCCCAGCCCGGTCAACT 65 233
Cardiac actin CTTCCGCTGTCCTGAGACAC CCTGACTGGAAGGTAGATGG 61 400
18s GTGGAGCGATTTGTCTGGTT CGCTGAGCCAGTCAGTGTAG 55 200
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Introduction of the EGFP gene

Recombinant adenovirus carrying the enhanced green fluores-
cent protein (EGFP) gene was prepared as described {13].
Chorionic plate cells were plated on dishes at 2x 10°/cm?, and
infected with EGFP-expressing adenovirus at 10 plaque-forming
units/cell on the next day. Chorionic plate cells were examined
in vitro by fluorescent confocal microscopy for expression of the
EGFP gene. By 7 days post-infection, nearly all of the cells
expressed EGFP. To eliminate the possibility of free adenovirus
in the cell supernatant, we infected murine fetal cardiomyo-
cytes with chorionic plate cell supernatants after infection. No
murine fetal cardiomyocytes expressed EGFP, implying that the
cells are not transfected with free adenovirus.

Preparation of murine fetal cardiomyocytes

Fetal cardiomyocytes were obtained from the hearts of day 17
mouse fetuses. The hearts were minced with scissors and
washed with PBS, and then incubated in PBS with 0.1% trypsin
and 0.25 mM EDTA for 10 min at 37 °C. After DMEM supplemented
with 10% FBS was added, the cardiomyocytes were centrifuged at
1000 rpm for 5 min. The pellet was then re-suspended in 10 ml of
DMEM with 10% FBS and incubated on glass dishes for 1 h to
separate the cardiomyocytes from fibroblasts. The floating
cardiomyocytes were collected and re-plated at 5x10%cm”

Co-culture system of chorionic plate cells and murine fetal
cardiomyocytes

Neither 5-azaC [12] nor oxytocin {21] was used in this process
as they are known to initiate cardiomyogenic differentiation.
EGFP-labeled chorionic plate cells were harvested with 0.25%
trypsin and 1 mM EDTA and overlaid onto the cultured fetal
cardiomyocytes at 7x10%cm?® Every 2 days the culture
medium was replaced with fresh culture medium that was
supplemented with 10% FBS and 1 ug/ml Amphotericin B
(Gibco). The morphology of the beating EGFP-labeled chorionic
plate cells was evaluated under a fluorescent microscope. The
image was monitored using a CCD camera and stored as
digital video. The cell contraction was analyzed using an
image-edge detection program made by Igor Pro 4 (Wave-
metrics Inc., Lake Oswego, Oregon).

Electrophysiological analysis

On day 10 of co-cultivation, action potentials (APs) were
recorded as described previously [12,13] from spontaneously
beating EGFP-labeled cells. Spontaneously beating EGFP-
positive chorionic plate cells were selected as targets. The
APs of the targeted cells had been recorded and Alexa568 dye
was injected by iontophoresis to confirm that the APs were
generated by EGFP-positive chorionic plate cells. The extent of

dye transfer was monitored under a fluorescence microscope,
and digital images were recorded with a digital photo camera
(D100; Nikon, Tokyo, Japan) mounted on a microscope with a
fluorescence filter (UMWIG2; Olympus).

Immunocytochemistry

A laser confocal microscope (LSM510, Zeiss) was used for
immunocytochemical analysis. The chorionic plate cells co-
cultured with fetal cardiomyocytes in vitro were fixed with 2%
paraformaldehyde (PFA) in PBS for 20 min at 4 °C and treated
with 0.1% Triton-X PBS for 20 min at room temperature. These
cells were then stained with mouse monoclonal anti-human
cardiac troponin-I antibody (#4T21/19-C7 HyTest, Euro, Fin-
land) diluted 1:300, monoclonal anti-«-actinin antibody
(Sigma) diluted 1:300, and anti-connexin 43 antibody (Sigma)
diluted 1:300. To prevent fading and to stain nuclei, a Slow
Fade Light Antifade kit with 4’-6-diamidino-2-phenylindole
(DAPY) (Molecular Probes) was used.

Results
Establishment of chorionic plate cells

Almost all human tissues or organs can be a source of MSCs,
which have been extracted from fat, muscle, menstrual blood,
endometrium, placenta, umbilical cord, cord blood, skin, and
eye. In this study, we focused on cells derived from fetuses,
since fetus-derived cells tend to both differentiate and prolifer-
ate better than adult cells [22]. In that sense, human placentais a
good source of fetus-derived MSCs. We cultivated chorionic
plate cells that were obtained from the chorionic mesoderm of
the placenta (Fig. 1A). The chorionic plate cells regarded as being
Population Doubling (PD) 0 or Day 0 were fibroblast-like in
morphology, indistinguishable in appearance from the marrow-
derived MSCs, and relatively larger in size than rapidly self-
renewing stem cells {23] (Fig. 1B). The cells from PD 9 to PD 18
rapidly proliferated in culture and were propagated continu-
ously. Chorionic plate cells did not undergo malignant trans-
formation. They stopped dividing after reaching confluence and
they did not form any foci after reaching confluence in vitro.
To clarify the character of the established chorionic plate
cells, we first performed karyotypic analysis of 30 cells at PD 3.
All cells had normal chromosomes without any chromosomal
aberration (Fig. 1C). The sex chromosomes were found to be
XY, implying that all cells were of fetal origin. Genomic FISH
analysis also revealed that all cells had XY chromosomes
(Fig. 1D). We examined the cell surface marker of the placenta-
derived cells (chorionic plate cells) by FACS analysis (Fig. 1E).
The surface markers of chorionic plate cells are exactly the
same as those of previously reported bone-marrow- and cord
blood-derived mesodermal cells, i.e., positive for CD29, CD44,

Fig. 3 - Immunocytochemistry of chorionic plate cells for human cardiac troponin-L1. (A-F) Immunocytochemistry of
differentiated chorionic plate cells with anti-human cardiac troponin-I (cTnl) antibody. The EGFP-positive cells (B) were stained
with anti-human cTnl antibody (A) and the merged image (DAPI, EGFP, cTnl) is shown in panels D and F. An enlarged image (red
square in D) is shown in panel E. Clear striations were observed with red fluorescence of cTnl in the differentiated cells. (G-I} A
merged image for EGFP and cTnl is shown in panel G. A longitudinal section at the green line in the merged image G is shown in
panel H. An axial section at the red line in merged image G is shown in panel L.



