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phase with a dilated cardiomyopathy phenotype, by direct
injection into the myocardium [7]. In the present study, however,
MSC were transplanted 1 week following myosin injection,
corresponding to the acute phase of myocarditis, by intravenous
injection, because this model is more relevant to clinical
situations. Myosin injection caused acute heart failure as
indicated by increased LVEDP and decreased Max dP/d: and
%FS, and 2 out of 15 rats died; however, intravenous injection of
MSC in the acute phase significantly improved the heart failure
as determined by improvement of these parameters, and no
death was observed.

Wang et al. have shown that embryonic stem (ES) cells
transplanted into a mouse model of myocarditis regenerate
cardiomyocytes, decrease inflammation and increase survival,
possibly through migration of ES cells and differentiation into
cardiomyocytes [14]. In the present study, we examined the
therapeutic potential of transplanted MSC, which are more
applicable to clinical situations than ES cells, in a rat model
of acute myocarditis. Recent studies have demonstrated that
autologous or allogeneic MSC strongly suppress T-lympho-
cyte proliferation [15,16]. These findings raise the possibility
that MSC have the ability to attenuate inflammatory
responses. Interestingly, the present study demonstrated that
transplantation of MSC attenuated the infiltration of CD68-
positive inflammatory cells and the expression of MCP-1 in a
rat model of acute myocarditis. MCP-1 is a member of the
C—C subfamily of chemokines with chemoattractant activity
for major inflammatory cells, and is known to play an
important role in the induction of experimental acute
myocarditis [17,18]. Cardiac-targeted expression of MCP-1
results in monocyte/macrophage infiltration into the heart, and
causes interstitial fibrosis and ventricular chamber dilation
[19]. In the myosin-induced acute myocarditis model, MCP-1
expression is increased in the heart from days 15-27 post-
myosin injection, and serum MCP-1 level is elevated from
days 15-24 [18]. In consistent with this report, our model
showed an increase in MCP-1 in the heart and serum on day
21 post-myosin injection, and MSC transplantation attenuated
the increase in MCP-1 and the infiltration of CD68-positive
inflammatory cells. Furthermore, earlier studies have shown
that MSC express CCR2, the receptor for MCP-1, and that
MCP-1 promotes the migration of MSC that express CCR2
[20,21]. Thus, it is speculated that MSC secrete some anti-
inflammatory factors in response to MCP-1; however, the
precise mechanisms for the anti-inflammatory effect still
remains to be elucidated.

Because MCP-1 plays an important role in this myosin-
induced myocarditis model, we examined the direct effect of
MCP-1, besides its chemoattractant activity, on adult rat
cardiomyocytes. Our in vitro experiment demonstrated that
MCP-1 stimulation on cardiomyocytes resulted in an increase of
cell injury and death, whereas MSC-derived conditioned
medium attenuated these effects. It has been reported that
CCR2 expression is increased in the failing myocardium, and
MCP-1 stimulation on cardiomyocytes induces other inflam-
matory cytokines such as IL-1# and IL-6, which may reduce
cardiomyocyte contractility partly via induction of apoptosis

[22-25]. In addition, our previous and present study demon-
strated that cultured MSC secreted large amounts of angiogenic
and anti-apoptotic factors such as VEGF, HGF, insulin-like
growth factor-1 and adrenomedullin [7]. Furthermore, a recent
study demonstrated that conditioned medium obtained from
MSC culture had cardioprotective effect [26]. Taken together,
although various factors might be involved, MSC might have
cardioprotective effects in a paracrine manner in response to
MCP-1.

In the present study, MSC transplantation increased
capillary denmsity in the myocardium. Improvement in
myocardial vascular supply has been shown to decrease
necrosis and inflammation in viral myocarditis [8,27,28]. We
have previously reported increased capillary density asso-
ciated with improved cardiac function and decreased infarct
size following MSC transplantation in a rat model of
myocardial infarction [5]. These results suggest that MSC-
induced neovascularization may have contributed to the
improvement of cardiac function in this rat model of acute
myocarditis. However, when PKH26 dye-labeled MSC were
intravenously injected in rats with acute myocarditis, only a
small fraction of PKH26-labeled cells were positive for
troponin T 2 weeks after transplantation (data not shown).
QOur previous study demonstrated that ~3% of the intrave-
nously administered MSCs were incorporated into the heart
24 h after transplantation in rats with acute myocardial
infarction [5]. Although the animal model and the evaluation
time were different, our present study showed that only a
small number of administered MSC was differentiated into
endothelial cells or cardiomyocytes, thus the contribution of
the differentiated MSC to the improvement of cardiac
function in this model appears to be rather insignificant.

In conclusion, MSC transplantation attenuated myocardial
injury and dysfunction in a rat model of acute myocarditis, at
least in part through paracrine effects of MSC.
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To observe living cell morphology on ceramics by light microscopy, we fabricated a new
material—transparent g- tricalcium phosphate (t-8TCP) ceramic—for the purpose of serving
as a tissue culture substrate. Bone marrow stromal cells (BMSCs) were obtained from rat
femora and cultured on both t-8TCP ceramic disks and culture grade polystyrene (PS)
dishes in an osteogenic medium. After 1 day of culture, cell attachment and spreading on
both the t-BTCP and PS substrata were equally and clearly detected by ordinary light
microscopy. After 14 days of culture, extensive cell growth, alkaline phosphatase (ALP)
staining, and bone mineral deposition could be detected on both substrata. In addition,
quantitative biochemical analyses revealed high DNA content, ALP activity, and osteocalcin
content of these cultures. This experiment is significant in that all of the results were
similarly observed on both the t-gTCP and PS substrata, indicating the excellent properties
of BTCP ceramics for BMSCs culture towards osteogenic differentiation.

© 2006 Springer Science + Business Media, Inc.

introduction

Viable cells can be cultured in suitable scaffolds, and
composites of such cells have already been clinically
applied to patients. As examples, some polymers such
as collagen combined with a variety of cultured cells are
currently being used for cartilage and skin regeneration
(1, 2], and ceramics combined with mesenchymal cells
are being used for bone regeneration [3}. In our clinical
cases, culturing a patient’s derived mesenchymal cells
on any of hydroxyapatite (HA), B-tricalcium phosphate
(BTCP), or alumina ceramics has been used in treating
patients having skeletal problems. In particular, before
cell transplantation to the patients, we forced the mes-
enchymal cells to become osteoblasts followed by the
formation of bone matrix on a ceramic surface (4, 5]. We

*Author to whom all correspondence should be addressed.

09574530 © 2006 Springer Science + Business Media, Inc.
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have therefore defined the tissue-engineered construct
fabricated by culturing mesenchymal cells on ceramics
as regenerative cultured bone tissue [6].

Many researchers, ourselves included, have previ-
ously reported that composites of fresh bone marrow
(without culture) and porous HA or STCP [7-9] can
show extensive new bone formation after in vivo im-
plantation. We considered that the bone formation could
be initiated on a ceramic surface by attaching mes-
enchymal cells from bone marrow. However, due to in
vivo conditions, observation of the cells/ceramic inter-
action is difficult. In this regard, in vitro culturing of
bone marrow stromal cells (BMSCs) on ceramic disks
might be another approach for observing cells/ceramic
interaction. Usually, cultured cells can be observed with

33



an ordinary microscope when the culture is on culture
dishes. However, due to the opacity of the ceramics, mi-
croscopic observation of the cells on ceramics is very
difficult. Scanning electron microscopy (SEM) or other
techniques can be used to observe the cells on the ce-
ramics, but these techniques usually require cell fixation
by glutaldehyde, paraformaldehyde, or similar fixative
solution, and the cells are no longer viable. Moreover,
consecutive observation of the same specimen during
the culture period is impossible.

If the ceramic were transparent, we could use an ordi-
nary microscope for observation, which would enable us
to detect cell attachment, spreading, proliferation, and
differentiation cascade. Recently, it has been claimed
that transparent ceramics are useful for the observation
of cultured cells [10]. Transparent ceramics are mainly
made by a spark plasma sintering process (SPS) [11].
SPS systems have many advantages such as rapid sin-
tering, sintering with fewer additives, uniform sinter-
ing, low operating expense, and relatively easy oper-
ation compared to that of conventional systems using
hot press (HP) sintering, hot isostatic pressing (HIP), or
atmospheric furnaces.

B-TCP ceramics are known to be highly biodegrad-
able. Porous types of §-TCP have attracted much atten-
tion within the field of bone reconstruction [12—-15]. The
rates of proliferation and differentiation of cultured cells
on B-TCP ceramics have been demonstrated by bio-
chemical analyses or gene expression analysis [16, 17]
and SEM observation. However the ceramics used were
opaque and direct observation was difficult to accom-
plish. Therefore, whether the surface of the ceramic
could support cell attachment, proliferation, and differ-
entiation was not clear. In this study, we made transpar-
ent STCP (¢-BTCP) ceramic disks (20 mm in diameter)
using the SPS sintering method. We used rat BMSCs as
the cell source and observed cell attachment, prolifera-
tion, and osteogenic differentiation on the t-8TCP ce-
ramic disks as well as on culture grade polystyrene (PS)
dishes as a positive control. PS dishes have been com-
monly used as cell culture substrates for a long time and
their suitability is well known. This report describes not
only the morphological but also the biochemical qual-
itative analyses of the BMSCs culture and includes a
comparative study of the culture on #-3TCP and PS.

Materials and methods

"~ Preparation of transparent pTCP (t-8TCP)

A fine powder made of STCP (Taiheikagaku, Co. Ltd.,
Japan) was used as the basic material. One gram of
this powder was poured into a graphite mold (inner di-
ameter: 15 mm), and then sintered by the spark plasma
sintering process (SPS: Dr Sinter-5118, Sumitomo Coal
Mining, Tokyo, Japan). The samples were pressed uni-
axially under 10 MPa, then heated at 1000 °C for 10 min
at a heating rate of 25°C/min. Each ceramic disk con-
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" sisted of polycrystalline, transparent materials with a

diameter of 20 mm and a thickness of 2 mm. The sur-
face shapes and crystallographic analyses were deter-
mined using a scanning electron microscope (SEM,
SM-300, Topcon Corporation, Tokyo, Japan) and an
X-ray diffractometer (XRD, Geiger flex 2027, Rigaku,
Japan), respectively.

Surface characterization

The surface roughness of the r-8TCP ceramic disks and
PS dishes was measured by using a profilometer (Surf-
corder SE-30D, Kosaka Lab., Ltd.) with a 5-um tipped
diamond stylus. Then, both the average roughness (Ra)
and maximum roughness (Rz) were quantified. The ses-
sile contact angles (SCA) of ¢t-3TCP ceramic disks and
PS dishes were determined using a Milli-Q water system
and a goniometer (Face Contact-Angle Meter, Kyowa
Kaimenkagaku Co., Ltd. Tokyo, Japan). A probability
(p) of less than 0.05 was considered significant.

Cell culture

The preparation and osteogenic differentiation of bone
marrow stromal cells (BMSCs) from 7-week-old male
Fischer 344 (F344) rats were performed as described by
Maniatopoulos et al. [18] with some modifications by
us [19]. In brief, rat bone marrow plugs were flushed
out and suspended in a culture medium, minimum es-
sential medium (MEM, Nacalai Tesque, Inc., Kyoto,
Japan) containing 15% fetal bovine serum (FBS, JRH
Biosciences, Inc., KS, USA) and 1% antibiotics. These

" bone marrow cells were cultured in a humidified atmo-

sphere of 95% air with 5% CO, at 37 °C.

The mesenchymal cells, which have osteogenic po-
tentials, were contained in BMSCs. The adherent BM-
SCs were initially cultured up to 80% confluence in T-75
flasks, harvested, and resuspended to 5 x 105 cells/mL
in culture mediumusing 0.05% trypsin/0.53 mM EDTA.
One mL of cell suspension was applied to each steril-
ized t-BTCP ceramic disk (3.1 cm?), which were placed
into a 12-well PS plate (3.8 cm?). As a control, the same
amount of cell suspension was also applied directly in
a PS well having no disks. These cells were cultured
with osteogenic medium containing 10 nM dexametha-
sone (Dex, Sigma-Aldrich Corporation, MO, USA),
10 mM B-glycerophosphate (8-GP, Merck, Darmstadt,
Germany), and 0.28 mM ascorbic acid 2-phosphate
magnesium salt n-hydrate (AAc, Sigma-Aldrich Corp.).
The culture medium was changed two or three times
per week. During the culture period, the cell morpholo-
gies at different stages of cell attachment, proliferation,
and differentiation were observed by light microscopy
(Olympus CK41SF, Olympus Optical, Co., Ltd., Tokyo,
Japan). Some cultures did not have Dex added but the
other conditions were the same as above.
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Qualitative biochemical analysis

Alkaline phosphatase (ALP) activity staining
Atday 14, the cultured cells on both the t-8TCP ceramic
disks and the PS dishes were rinsed with phosphate
buffer saline (PBS) and fixed with 4% paraformalde-
hyde for 10 min at 4°C. The fixed cells were soaked
in 0.1% naphthol AS-MX phosphate and 0.1% fast
red violet LB salt in 56 mM 2-amino-2-methyl-1, 3-
propanediol (pH 9.9) for 10 min at room temperature
and then washed with PBS.

Alizarin Red S staining
Atday 14, the cultured cells on both the -3TCP ceramic
-disks and the PS dishes were washed with PBS and

!

fixed with 4% paraformaldehyde for 10 min at 4°C.
The fixed cells were soaked in 0.5% Alizarinred S /PBS
for 10 min at room temperature and then washed with
PBS. Non-specific reactions were removed by a wash
step using 70% ethanol (EtOH). The stain was used to
detect calcium in the extracellular matrix. To check a
background level of Alizarin Red S, t-8TCP ceramic
disks without cells were soaked into Alizarin red S in
the same condition to cells (Fig. 6(e)).

Calcein uptake

The calcium in the extracellular matrix was also
determined by using calcein, which is a calcium-
chelating fluorescence chemical [20]. One pg/mL
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Figure I Powder X-ray diffraction (XRD) pattern of transparent STCP ceramics made by spark plasma sintering (a) and standard STCP (b). Details

are given in the Materials and methods section.
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calcein (Dojindo Laboratories, Kumamoto, Japan) was
added to the medium during culture. The fluorescence
of the incorporated calcein was observed by using a
fluorescent microscope (IX70, Olympus). The medium
containing calcein was removed and washed with PBS
immediately before these analyses. To check a back-
ground level of calcein, t-8TCP ceramic disks without
cells were soaked into medium containing calcein in the
same condition to cells (Fig. 4(e)).

Quantitative biochemical analysis
Measurement of DNA contents

The DNA contents were measured by using Hoechst
33258 and expressed as pg/cm?. The cells were scraped
off the -BTCP or PS surface into 0.5 mL of buffer (10
mM Tris-HCl, 1 mM EDTA and 100 mM N&4Cl (pH
7.4)) and sonicated. 20 pL of suspended cell solution
was added to 0.2 mL of buffer containing 5 pg/mbL
Hoechst 33258 and the fluorescence was measured on a

Figure 2 SEM images of transparent 8TCP (a) and culture grade polystyrene (PS) (b) Bar: | um. The surface of a culture grade PS dish is very smooth
and, therefore, most of the SEM photos were out of focus. To bring the object into focus, we photographed a dish contaminated with a very small dust
particle (shown at the upper left) as a pointer.

Figure 3 Cell morphology of rat BMSCs seeded on transparent STCP ceramic disks and culture grade polystyrene (PS) dishes. The cells seeded
on BTCP ceramic disks are shown in the left column (a, c). The cells seeded on PS dishes are shown in the right column (b, d). Bar: 50 pum. Cell
morphology at day 1 (a, b) and day 4 (c, d) after BMSCs seeding on PS dishes and r-BTCP ceramic disks observed by light microscopy. One day after
cell seeding, the cells began to spread on the surface. Cells on both substrata proliferated well and most cells had a fibroblastic shape after 4 days.
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Figure 4 Calcein uptake by rat BMSCs seeded on transparent BTCP
ceramic disks and culture grade PS dishes at day 14. Bar: 200 um. When
BMSCs were cultured in the presence of Dex, the culture on both culture
grade PS dishes (a) and transparent STCP (r-BTCP) ceramic disks (b)
showed extracellular mineralization indicated by a green fluorescence. In
contrast, in the absence of Dex, cells did not differentiate into osteoblasts
and the green fluorescence was not detected (¢, d). Each inset at lower left
shows the phase contrast microscopic view of the corresponding field.
Background level of calcein when - STCP without cells were soaked into
calcein contained medium were shown ine.
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Figure 6 Macroscopic observation of ALP (a, ¢) and Alizarin Red S
staining (b, d). When BMSCs were cultured in the presence of Dex (a, b),
the cells on transparent TCP difterentiated into osteobiasts and showed
extensive ALP (a) and Alizarin Red S (b) staining over the entire ceramics
area compared with the control culture without Dex (c, d). Background
level of Alizarin Red S when t-8TCP without cells were soaked into
Alizarin Red S were shown in e.
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Figure 5 Microscopic observation of ALP and Alizarin Red S staining of the BMSCs culture. Bar: 100 pm. BMSCs were cultured in the presence of
Dex for 14 days. Numerous regions of the cultured cells were positive for ALP on both r-TCP ceramic disks (a) and PS dishes (c). Positive areas are
represented in red. Strong Alizarin Red S stain could be detected in many cellular as well as extracellular regions on both the t-BTCP ceramic disks

(b) and PS dishes (d).
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micro plate reader (Wallac 1420 ARVOsx, PerkinElmer
Life & Analytical Sciences, MA, USA). The standard
DNA solutions were prepared using salmon sperm DNA
(Invitrogen).

Alkaline phosphatase (ALP) activity assay
ALP activity of the cultured cells was examined quan-
titatively by the specific convention of p-nitro phenyl
phosphate (pNPP) into p-nitro phenol (pNP). The cells
were scraped off t-BTCP or PS surface into 0.5 mL
of 10 mM Tris-HCI, 1 mM EDTA, and 100 mM NaCl
(pH 7.4). The suspended cell solution was sonicated
and centrifuged at 10,000 xg for 1 min at 4°C. An
aliquot (20 wL) of the supernatant was assayed for
ALP activity using PNPP solution (Zymed Laborato-
ries Inc. CA, USA). The aliquot was incubated at 37 °C
for 30 min. After enzymatic reaction was stopped with
0.2 M NaOH, the aliquot was measured for the ab-
sorbance of p-NP product formed at 405 nm on a micro
plate reader (Wallac 1420 ARVOsx). Enzyme activity
was expressed as pmol of pNP released/30 min/DNA
content.

Measurement of Osteocalcin deposited

in extracellular matrix by ELISA

The cells were scraped off and sonicated, then cen-
trifuged at 10000 xg for 10 min. After treatment of
the precipitation in 20% formic acid for 2 days, the
samples were centrifuged at 800 x g for 10 min and the
supernatants were subjected to gel filtration to eliminate
inorganic ions. Gel-filtered samples were evaporated for
concentration. The concentrated samples were added to
an EIA plate and immobilized with anti-rat osteocal-
cin antibody to measure the concentration of osteocal-
cin with an intact rat osteocalcin EIA kit (Biomedical
Technologies Inc. MA, USA). Osteocalcin deposition
was expressed as ng/DNA content.

Results :
Fig. 1(a) shows the X-ray diffraction (XRD) pattern of a
spark plasma sintering (SPS) specimen of ¢-8TCP. The
peaks in both figures clearly show that the specimen
we made is similar to that of typical STCP (Fig. 1(b)).
We analyzed the surfaces of the t-fTCP ceramic disks
by scanning electron microscopy (SEM) before the cell
culture. Although the surfaces of the t-fTCP ceramic
disks were slightly rough compared with the surfaces of
the PS (Fig. 2(b)), the grain structure of the surface of
the sintered :-STCP ceramic disks was fine (less than
1 wm) (Fig. 2(a)).

1t is well known that the surface roughness and wet-
tability of culture substrata influence cell attachment
and proliferation. The average roughness and maximum
roughness of both the - TCP ceramic disks and the PS
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TABLE I Surface roughness and sessile contact angle of each culture

. substrate
Surface roughness (pum)
Material Ra Rz SCA (°4£SD)
Culture dish 0.005 0.040 71.0+£ 342
B-TCP ' 0.008 0.079 74.7£3.92

dishes were measured by using a profilometer (Table I).
The roughness levels of the specimens were similar.
We also checked the wettability of the t-STCP ceramic
disks and the PS dishes, which is represented by sessile
contact angles (SCA) (Table I). The SCA of the t-BTCP
ceramic disks and the PS dishes showed no significant
difference. The results indicate that surface structure is
not an important factor in comparing cellular responses
on t-BTCP ceramic disks to that on PS dishes.

We observed the cell attachment, spreading, and pro-
liferation of rat BMSCs on both culture substrata during
the early culture periods. Then, the capacity of BMSCs
for osteogenic differentiation was investigated during
the late culture periods. The ¢-8TCP ceramic disks are
sufficiently transparent to perform microscopic obser-
vations and, thus, the cells cultured on the :-8TCP ce-
ramic disks can easily be observed by light microscopy
equal to those on PS dishes. At a very early stage of
the culture, rat BMSCs attached, followed by spread-
ing on not only the PS dishes but also on the t-8TCP
ceramic disks. One day after the seeding, most of the
cells were able to attach and exhibit the morphologi-
cal characteristics of mesenchymal types (spindle cell
morphology) (Fig. 3(a) and (b)). The cells prolifer-
ated well and almost all were spindle-shaped after 4
days on both substrata (Fig. 3(c) and (d)). It is thus
suggested that rat BMSCs could easily attach, spread,
and proliferate on ¢-TCP ceramics as well as on
PS.

In order to analyze the osteogenic differentiation of
BMSCs, the BMSCs were further cultured on both ¢-
BTCP ceramic disks and PS dishes in the presence of
dexamethasone (Dex) for 14 days, and cell morphology
was observed by light microscopy. Dex is used because
it is well known as an osteogenic factor. To observe the
extracellular mineralized matrix more clearly, we added
calcein to the medium and measured its fluorescent in-
tensity. When cultured in the osteogenic condition for
14 days, the same level of mineralized bone matrix on
both the t-ATCP ceramic disks and the PS dishes was
observed (Fig. 4(a) and (b)). In contrast, the BMSCs
cultured in the absence of Dex showed no osteoblastic
cell shape but did show a fibroblastic shape and no ev-
idence of matrix formation (Fig. 4(c) and (d)). These
findings indicate that BMSCs can easily differentiate
into osteoblasts on the surface of ¢-TCP ceramics, re-
sulting in the formation of bone matrix under osteogenic
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Figure 7 Quantitative and biochemical analyses of BMSCs cultured in the presence (+) or absence (—) of Dex. BMSCs were cultured on both
transparent 8TCP ceramic disks (¢-BTCP) and culture grade polystyrene dishes (culture dish) for 14 days. The DNA contents were represented as
micrograms per cm? (a). ALP activity (b) and osteocalcin deposition (c) were normalized for DNA content.

conditions. Importantly, the cascade of the differentia-
tion of BMSCs can equally be observed on both t-TCP
ceramics and PS. i

To confirm the osteogenic differentiation of BMSCs
on the 1-BTCP ceramic disks, we performed alkaline
phosphatase (ALP) activity and Alizarin Red S staining
after two weeks of cultivation. ALP, which is a cell sur-
face protein, is known as an early marker for osteoblas-
tic differentiation and Alizarin Red S can identify cal-
cium in the matrix. Many clusters of cells were well
. stained with ALP on both the :-8TCP ceramic disks
(Fig. 5(a)) and PS dishes (Fig. 5(c)) when cultured with
Dex. As seen in the ALP stain, the cultures with Dex
were strongly stained with Alizarin Red S (Fig. 5(b) and
(d)). In contrast, the cultures without Dex were barely
stained with either ALP or Alizarin Red S, as evidenced
by macroscopic observation (Fig. 6). These biochemi-
cal data showed that the osteogenic differentiation of

BMSCs cultured in the presence of Dex could occur on
both ¢-BTCP ceramic and PS substrata.

After 14 days of culture, the DNA contents from
each substrate were measured. The DNA contents were
similar regardless of the culture substrata (Fig. 7(a)).
As seen in ALP staining (Figs. 5 and 6) the cultures
on both substrata with Dex showed high ALP activ-
ity compared with the culture without Dex (Fig. 7(b)).
These data confirmed the morphological data (Figs. 3-
6) that BTCP ceramics as well as PS supports the
proliferation and osteogenic differentiation of BMSCs
cultured in the presence of Dex. To confirm the os-
teogenic differentiation, we measured the bone-specific
protein of osteocalcin. As seen in Fig. 7(C), high lev-
els of osteocalcin were detected in the culture with Dex
on both substrata. These quantitative biochemical data
were evidence that the surfaces of both the ¢t-8TCP
ceramic disks and the PS dishes provide considerable
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support for the osteoblastic differentiation. cascade of
BMSCs.

Discussion

In this study, cell behavior on transparent STCP ce-
ramic disks was compared with that on culture grade
PS dishes. PS dishes are considered the gold standard
substratum for cell cultivation and were therefore used
in the present experiment as a positive control. It has
also been reported that the surface characteristics of the
culture substrata affect cell behavior during the culture
period {21, 22]. As can be seen in Table I, the surface
roughness and wettability of t-fTCP were similar to
those of PS. Itis considered that the optimum wettability
for cell attachment is about 70 ° (defined by sessile con-
tact angle; SCA), and the SCA of ¢-BTCP as well as
PS is nearly 70°. Additionally, the surface of ¢-8TCP
is very smooth as is that of PS as observed by SEM
(Fig. 2). These data mean that the wettability of t-TCP
is suitable for cell attachment and that surface rough-
ness is not a decisive factor for comparing cell behavior
on both substrata.

Currently, in vitro osteogenic differentiation on the
various ceramics can be monitored by ALP staining or
calcium staining after fixation as shown in Fig. 6. How-
ever, microscopic observation of this staining is difficult
due to the opacity of ordinary ceramics. In addition,
staining cannot be used for repeated monitoring of the
same specimen during the culture period. In this regard,
by using ¢-8TCP ceramic, we can detect the ALP and
Alizarin Red S stain at the cellular level (Fig. 5). By
adding calcein to the culture medium, we can clearly
monitor the differentiation indicated by fluorescence
emission (Fig. 4). Fluorescence can be detected repeat-
edly for the same specimen during the entire culture pe-
riod. As seen in the results, we confirmed the capability
of t-BTCP to enable BMSCs attachment, proliferation
(Fig. 3), and osteogenic differentiation as confirmed by
ALP stain, Alizarin Red S stain (Fig. 5), and calcein
uptake (Fig. 4). We also confirmed that the capability of
t-BTCP as a cell culture substrate was simildr to that of
PS. The qualitative analyses were confirmed by quanti-
tative analyses of DNA, ALP activity, and osteocalcin
measurements (Fig. 7). The data verify that the surface
of t-BTCP ceramic is equivalent to that of culture-grade
PS and has the capability of supporting cellular adhe-
sion and proliferation, which results in the osteogenic
differentiation of BMSCs. It is important to demonstrate
a functional equivalence of both substrata because PS
is suitable to in vitro culture but the appropriate ma-
terials for tissue engineering is STCP. It is possible to
make various type of STCP combined with extracel-
lular matrix or growth factors. And we can control a
composition of STCP. Together, we concluded that an
observable transparent STCP is useful materials for in
vitro research in the field of medicine especially tissue
engineering.
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Conclusion

We fabricated a new material, a transparent STCP (¢-
BTCP) ceramic, and used it as a culture substrate. The
ceramic material enables the observation of cultured
cells by light microscopy. The shape of the cells on the
ceramic disks was as clearly detected as that seen on
culture grade polystyrene (PS) dishes. In this report, rat
bone marrow stromal cells (BMSCs) were cultured. As
a result, cell attachment, proliferation, and differentia-
tion of BMSCs on t-8TCP disks were similar to those
on (PS) dishes. The results were confirmed by quantita-
tive biochemical assay. All results confirmed the excel-
lent properties of BSTCP for supporting the differentia-
tion capability of BMSCs, which resulted in osteoblastic
phenotype expression.
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Abstract

Beraprost sodium, an orally active prostacyclin analogue, has vasoprotective effects such as vasodilation and antiplatelet activities.
We investigated the therapeutic potential of beraprost for myocardial ischeria. Immediately after coronary ligation of Sprague-Dawley
rats, beraprost (200 pg/kg/day) or saline was subcutaneously administered for 28 days. Four weeks after coronary ligation, administra-
tion of beraprost increased capillary density in ischemic myocardium, decreased infarct size, and improved cardiac function in rats with
myocardial infarction. Beraprost markedly increased the number of CD34-positive cells and c-kit-positive cells in plasma. Also, four
weeks after coronary ligation of chimeric rats with GFP-expressing bone marrow, bone marrow-derived cells were incorporated into
the infarcted region and its border zone. Treatment with beraprost increased the number of GFP/von Willebrand factor-double-positive
cells in the ischemic myocardium. These results suggest that beraprost has beneficial effects on ischemic myocardium partly by its ability

to enhance neovascularization in ischemic myocardium by mobilizing bone marrow cells.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Prostacyclin analogue; Myocardial infarction; Neovascularization; Bone marrow mobilization

Interruption of myocardial blood flow leads to rapid
death of cardiomyocytes and vascular structures, resulting
in the development of heart failure [1]. Stem or progenitor
cells are mobilized from bone marrow into the peripheral
blood in response to tissue ischemia, migrate to sites of
injured tissues, and differentiate into endothelial cells and
cardiomyocytes [2—4]. However, the compensatory mecha-
nisms are insufficient to heal infarcted myocardium. Earlier
studies have shown that bone marrow cells artificially
mobilized by cytokines repair the infarcted heart and
improve cardiac function after acute myocardial infarction
[5,6]. Therefore, enhancement of bone marrow cell mobili-

" Corresponding author. Fax: +81 6 6833 9865.
E-mail address: nnagaya@ri.ncve.go.jp (N. Nagaya).

0006-291X/3 - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/].bbrc.2006.08.178

zation leading to neovascularization following revasculari-
zation would be beneficial for the treatment of acute
myocardial infarction.

Beraprost sodium (BPS) is a chemically stable prostacy-
clin analogue owing to its cyclo-pentabenzofuranyl struc-
ture [7]. It has been well established that BPS has
vasoprotective effects such as vasodilation and antiplatelet
activities [8—11}. Thus, BPS has been used in the treatment
of peripheral arterial disease [12,13] and pulmonary arterial
hypertension {14,15]. Although a limited number of studies
suggest therapeutic potential of prostacyclin for the treat-
ment of myocardial ischemia [16-18], the underlying mech-
anisms still remain unclear. In addition, little information
is available regarding the therapeutic potential of prostacy-
clin analogues such as BPS for myocardial ischemia. A
recent study has shown that BPS activates endothelial
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nitric oxide synthase (eNOS) through the c-AMP/protein
kinase A pathway [19]. Activation of eNOS is known to
contribute to bone marrow cell mobilization, leading to
neovascularization [20]. These results raise the possibility
that BPS may have beneficial effects on the ischemic myo-
cardium through enhancement of bone marrow cell
mobilization.

Thus, the purposes of this study were: (1) to examine the
effect of BPS on mobilization and recruitment of bone mar-
row cells after acute myocardial infarction, (2) to investi-
gate whether BPS induces neovascularization in the
ischemic myocardium, and (3) to investigate whether treat-
ment with BPS improves cardiac function in rats with myo-
cardial infarction.

Methods

Model of myocardial infarction. We used male Sprague-Dawley rats
(Japan SLC Inc., Hamamatsu, Japan) weighing 185-215 g. Myocardial
infarction was produced by left coronary ligation, as described previ-
ously [21]. Briefly, after rats were anesthetized with sodium pentobar-
bital (30 mg/kg), they were artificially ventilated with a volume-
regulated respirator. The heart was exposed via a left thoracotomy
incision. Then, the left coronary artery was ligated 2-3 mm from its
origin between the pulmonary artery conus and the left atrium with a
6-0 Prolene suture. Finally, the heart was restored to its normal posi-
tion, and the chest was closed. Experimental protocols were performed
in accordance with the “Guidelines of the Animal Care Ethics Com-
mittce of the National Cardiovascular Center Research Institute”,
which complies NIH Guidelines.

Administration of BPS. Immediately after coronary ligation, BPS
(200 pg/kg/day, Astellas Pharma Inc., Tokyo, Japan) was subcutaneously
administered to surviving rats using an osmotic mini-pump for 4 weeks
(BPS group, n = 12). As a control, saline was similarly administered to
rats receiving coronary ligation (Control group, n = 12),

Echocardiographic studies. Echocardiographic studies were performed
4 weeks after coronary ligation. M-mode tracings were obtained at the
level of the papillary muscles using an echocardiographic system equipped
with a 7.5-MHz phased-array transducer (HP SONOS 5500; Hewlett
Packard Co., Andover, MA). Anterior and posterior end-diastolic and
end-systolic wall thickness, LV end-diastolic and end-systolic dimensions,
and LV fractional shortening were measured by the American Society for
Echocardiography leading-edge method in three consecutive cardiac
cycles. LV meridional wall stress was estimated as 0.344 x LV pressur-
e x {LV dimension/(1 + PWT/LV dimension)}, where PWT is posterior
wall thickness [22].

Hemodynamic studies. Hemodynamic studies were performed 4 weeks
after coronary ligation, following echocardiography. After anesthesia with
pentobarbital sodium, a 1.5F micromanometer-tipped catheter (Millar
Instruments Inc., Houston, TX) was advanced into the LV through the
right common carotid artery. Hemodynamic variables were measured with
a pressure transducer connected to a polygraph. After completion of these
measurements, the left and right ventricles and the lungs were excised and
weighed. Infarct size was determined as a percentage of the entire LV area
(n =5 in each group), as reported previously {23}, Briefly, incisions were
made in the posterior LV so that the tissue could be pressed fat. The
circumference of the entire fiat LV and of the visualized infarcted area, as
judged from both the epicardial and endocardial sides, was outlined on a
clear plastic sheet. The difference in weight between the two marked areas
on the sheet was used to determine infarct size and was expressed as a
percentage of LV surface area.

Measurement of plasma ANP level. Blood samples were obtained 4
weeks after coronary ligation. Plasma atrial natriuretic peptide (ANP), a
marker for heart failure, was measured by enzyme immunoassay (Penin-
sula Laboratories Inc., San Carlos, CA).

Mononuclear cell mobilization and FACS analysis. To investijete
whether administration of BPS mobilizes bone marrow cells, an additic ral
12 rats were randomized to receive BPS (200 pg/kg/day, BPS group, n =:3)
or saline (Control group, n=6). On the third day of BPS or saive
treatment, 4 m} of blood was drawn from the inferior vena cava of ex1:h
rat. Peripheral blood was obtained at the end of infusion. After mcno-
nuclear cells were counted, they were incubated for 30 min-at 4 °C wih
fluorescein isothiocyanate (FITC)-conjugated mouse monoclonal axai-
bodies against rat CD34 (clone ICO-115, Santa Cruz) and CD45 (clo e
OX-1), and FITC-conjugated rabbit anti-rat c-Kit polyclonal antib»iy
(clone C-19, Santa Cruz). Immunofluorescence-labeled cells were analy::d
by quantitative flow cytometry with a FACSCalibur flow cytometer (RD
Biosciences, Mountain View, CA). Isotype-identical antibodies servec s
controls.

RT-PCR assay. To investigate whether bone marrow cells express < e
prostacyclin receptor (IP receptor), we analyzed expression of its mR VA&
by reverse transcription-polymerase chain reaction (RT-PCR). In biif,
total RNA of bone marrow cells was extracted with guanidine isothin-
cyanate (RNeasy Mini Kit, Qiagen). Then, reverse-transcribed sinye-
stranded cDINA was subjected to PCR (PCR Amplification Kit, Tak:.ra)
using primer sets for the IP receptor {(Hokkaido System Science Co., L.,
Sapporo, Japan, forward, 5'-GGCACGAGAGGATGAAGTTTACC. "
reverse, 5'-GTCAGAGGCACAGCAGTCAATGG-3') and G3PTH
(Clonetech Laboratories Inc., Mountain View, CA, forward, 5-115
AAGGTCGGTGTCAACGGATTTGGC-3';, reverse, 5-CATGTA 3G
CCATGAGGTCCACCAC-3).

Creation of bone marrow-chimeric rats. To assess recruitment f
bone marrow cells after BPS administration, bone marrow transp.ia-
tation was performed by using male normal Sprague-Dawley rats s
recipients and male Green fluorescent protein (GFP)-transgenic -is
(SD-Tg [Act-EGFP] CZ-0040sb, Japan SLC Inc.) ds donors, usiny a
previously described method [24). Briefly, bone marrow was harve:i:d
by flushing the cavity of femurs and tibias from GFP-transgenic :¢ts
with phosphate-buffered saline. Then, 3 x 107 GFP-positive bone n.: r-
row cells were individually administered to 12 lethally irradiated (53
Gray) rats via the tail vein. Four weeks after transplantation, flovcy-
tometric analysis determined that 90% of peripheral blood mononuc.zar
cells from both donors and 8 of 12 chimeric rats were GFP-positis,
suggesting the establishment of stable chimerism. These chimeric its
were subjected to left coronary ligation, followed by administratior of
BPS (200 ug/kg/day, BPS group, n=4) or saline (Control group, n:=4)
using an osmotic mini-pump for 4 weeks. .

Histological examination, To detect fibrosis in the cardiac muscle, tae
LV myocardium (n =35, each group) was fixed in 10% formalin, cut
transversely in three sections, embedded in paraffin, and stained \«th
Masson's trichrome. To detect capillary endothelial cells in the per-n-
farct area, we performed DAB staining (LSAB2 System HRP, Da:o
Cytomation Co., Denmark) using rabbit polyclonal anti-von Willebra :d
factor (vWF) antibody (Dako). A total of 10 different fields from tluee
different sections were randomly selected, and the number of capiller es
was counted in the peri-infarct area using a light microscope at 21
magnification. Capillary density was expressed as the mean numbe: of
capillaries per square millimeter. Also, 4 weeks after coronary ligatio 1 in
bone marrow-chimeric rats (n =4 in each group), the LV myocard'im
was excised, embedded in OCT compound, snap-frozen in liquid nitio-
gen, and cut transversely into 6-pm-thick sections from base to awX.
Immunofiuorescent staining was performed using rabbit polyclonal ¢ «1i-
vWF antibody (Dako), mouse monoclonal anti-cardiac troponin. T
antibody (Neomarkers, Fremont, CA), and rabbit polyclonal Alexa -1t 8-
conjugated anti-GFP antibody (Molecular Probes Inc., Eugene, Ci3).
The nuclei were counterstained with 4/,6'-diamidino-2-phenylin‘inle
(DAPI). We measured the number of GFP/vWF-double-positive _'-:(lls
incorporated into vascular structures in 10 randomly selected fields ir. 1he
peri-infarct area per section in a blinded fashion using a fluoresciice
microscope.

Statistical analysis. Numerical values are expressed as means = S24.
Comparisons of parameters between two groups were made by unp: ned
Student’s ¢ test. A value of p < 0.05 was considered significant.
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Results

Cardiac structure

Body weight at 4 weeks after coronary ligation was sig-
nificantly greater in the BPS group than in the Control
group (Table 1). Right ventricular weight and lung weight
in the BPS group were significantly smaller than those in
the Control group, although LV weight did not differ
between the two groups. Moderate to large infarcts were

Table 1
Physiological profiles of experimental groups

Control BPS
Number 12 12
Body weight (g)

Baseline 198 £3 204 £ 3
After treatment 31946 35249
LV wt/body wt (g/kg) 2,28 +£0.04 2.27£0.04
RV wt/body wt (g/kg) 0.99 £ 0.05 0:61 £0.02°
Lung wt/body wi (g/kg) 6.55 £ 0.62 3.88£0.1°

Plasma AND level (pg/ml) 798 £ 99 498 £ 57°

Control, infarct rats without treatment; BPS, infarct rats treated with BPS
administration; AND, atrial natriuretic protein. Data are expressed as
means & SEM. "p <0.05, ""p <0.0! vs. Control group.
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observed in the Control group (Fig. 1A). However, admin-
istration of BPS significantly decreased infarct size in rats
with myocardial infarction (Fig. 1A and B). BPS signifi-
cantly decreased LV end-diastolic dimension (LVDD)
(Fig. 1C).

Cardiac function

Neither heart rate nor mean arterial pressure differed
between the BPS and Control groups (Table 2). LV frac-
tional shortening and LV maximum dP/d: in the BPS
group were significantly greater than those in the Control
group (Fig. 2A and B). LV end-diastolic pressure (LVEDP)
in the BPS group was significantly lower than that in the
Control group (Fig. 2C). LV minimum dP/dt was also
improved by BPS (Fig. 2D). Treatment with BPS attenuat-
ed the increase in plasma ANP level after myocardial
infarction (Table 1). BPS significantly increased anterior
wall thickening, although it did not significantly alter pos-
terior wall thickening (Table 2), Thickness of the anterior
and posterior walls tended to be greater in the BPS group,
but these changes did not reach statistical significance. LV
diastolic wall stress in the BPS group was significantly low-
er than that in the Control group.

- 10 T

g 10

E

= ek

94

g T

] %
8 \
7 D

Control BPS

Fig. . (A) Representative examples of Masson’s trichrome staining of transverse sections of LV myocardium 4 weeks after coronary ligation. Scale
bars =2 mm. (B,C) Quantitative analysis of infarct size and LV end-diastolic dimension (LVDD). Infarcted area and LVDD in the BPS group were
significantly smaller than those in the Control group. Data are expressed as means = SEM. "p <0.05, “*p < 0.01 vs. Control group.
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Table 2
Echocardiographic and hemodynamic data

Control BPS
AWT diastole (mm) 0.62 4 0.04 0.74 + 0.05
AW thickening (%) 1743 34467
PWT diastole (mm) 1.55 £0.07 1.70 & 0.04
PW thickening (%) 43+ 4 49+3
Heart rate (bpm) 458 &7 471 £ 10
Mean arterial pressure (mmHg) 1035 115+ 4
LV systolic pressure (mmHg) 113+4 127+ 57
LV diastolic wall stress (kdyne/cm?) 2444 S
LV systolic wall stress (kdyne/cmz) 267 £ 18 225+ 14

AWT, anterior wall thickness; AW, anterior wall; PWT, posterior wall
thickness; PW, posterior wall. Data are expressed as means & SEM.
*p < 0.05, ~*p <0.01 vs. Control group.

Mobilization of bone marrow cells

RT-PCR demonstrated that IP receptor mRNA was
expressed in bone marrow cells (Fig. 3A), indicating a

direct effect of BPS on these cells. Three-day administra-

tion of BPS significantly increased the number of periphe-
ral blood mononuclear cells compared to saline
administration (Fig. 3B). Administration of BPS markedly
increased the number of circulating progenitor cells such as
CD34-positive cells and c-kit-positive cells (Fig. 3C and D).
BPS also increased the number of CD45-positive hemato-
poietic lineage cells (Fig. 3E).

BPS-induced neovascularization

Chimeric rats with GFP-eXpressing bone marrow were
used to assess recruitment of bone marrow cells. Four
weeks after coronary ligation, bone marrow-derived
GFP-positive cells were incorporated predominantly into
the infarcted region and its border zone (Fig. 4A), while
these cells were rarely detected in the noninfarcted myocar-
dium. Some of the GFP-positive cells stained for vWF and
formed vascular structures. Semi-quantitative analysis
demonstrated that the number of GFP-positive cells in

the myocardium was significantly greater in the BPS group

| Bi-m

Fig. 2. Cardioprotective effects of BPS on echocardiographic and hemodynamic parameters. FS, fractio
Min dP/dt, maximum and minimum dP/d:. Data are expressed as means & SEM. "p <0.05, "p < 0.01 vs. Control group.

pressure; Max and

LVEDP (mmig)

(@]
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than in the Control group (Fig. 4B). The number of GFF
vWF double-positive cells {(bone marrow-derived endothe.
lial cells) in the ischemic myocardium was significantl,
greater in the BPS group than in the Control grou:
(Fig. 4C). In addition, a small number of GFP-troponi-
T-double-positive cells were observed in the BPS grou:
(Fig. 4D).

Capillary density

In the peri-infarct area, clustering of relatively small ve: -
sels was seen in BPS-treated hearts, which is indicative ¢
recent endothelial regeneration (Fig. 5A). Semi-quantité -
tive analysis also demonstrated that administration «”
BPS significantly increased the capillary density in tk:
peri-infarct area compared to the Control group (Fig. 5B!.

Discussion

In the present study, we demonstrated that treatmen:
with BPS (1) decreased infarct size and improved cardiz.:
structure and function in rats with acute myocardial infar :-
tion, (2) increased the number of circulating progenite::
cells such as CD34-positive cells and c-kit-positive cells 11
rats, and (3) increased the number of bone marrow-derive:l
endothelial cells and the capillary density in the ischemi:
myocardium. These results suggest that BPS may have be -
eficial effects on ischemic myocardium at least in part
through enhancement of neovascularization by mobilizin ;
bone marrow cells.

Earlier studies have reported that prostacyclin has czt-
dioprotective effects in ischemia-reperfusion inju:y
through inhibition of neutrophil activation and migratic
[25,26]. BPS is also reported to inhibit chemotaxis a |
superoxide anion production of neutrophils which contrik-
ute to tissue damage by releasing tissue destructive lysi-
somal enzymes [27]. Infusion of BPS has been shown i3
reduce infarct size in the dog heart with left coronary occlx -
sion by reducing myocardial oxygen demand and by inhi™ -
tion of the migration of neutrophils (28]). However, thes:
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: \
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Fig. 3. BPS-induced mobilization of bone marrow cells. (A) Expression of prostacyclin receptor (IP receptor) on bone marrow cells. (B~E) Quantification
. of BPS-induced MNC mobilization by FACS analysis. Administration of BPS markedly increased the number of circulating progenitor cells such as

CD34-positive cells and c-kit-positive cells. BPS also increased the number of CD45-positive hematopoietic lineage cells. Data are expressed as

means £ SEM. "p <0.05, **p <0.01 vs. Control group.

biological activities of BPS appear to be insufficient to
explain the decrease in infarct size as well as suppression
of LV remodeling.

Recent studies have shown that mobilization of bone
marrow cells by cytokines promotes myocardial repair
and regeneration after acute myocardial infarction [5,6).
In the present study, three-day administration of BPS
markedly increased the number of circulating progenitor
cells such as CD34-positive cells and c-kit-positive cells in
rats. In addition, treatment with BPS enhanced recruitment
of bone marrow cells to the ischemic myocardium and
increased capillary density in the peri-infarct area. Earlier
studies have shown that CD34-positive cells have angio-
genic potential to treat ischemic heart [29-31]. Also, anoth-
er stem cell fraction, c-kit-positive cells have ability to
repair ischemic myocardium by differentiating into vascu-
lar endothelial cells [32,33]. These findings suggest that
administered BPS induces neovascularization partly via
enhancement of bone marrow cell mobilization. RT-PCR
demonstrated that IP receptor mRNA was expressed in
bone marrow cells, indicating a direct effect of BPS on
these cells. A recent study has shown that BPS increases
eNOS expression in cultured endothelial cells through acti-
vation of c-AMP/Protein kinase A signal transduction [19].
Also, earlier studies have shown that eNOS plays essential
role in the recruitment of EPCs to the ischemic myocardi-
um [20]. Taken together, administered BPS may act as a

potent stimulator of cell mobilization from bone marrow,
although further studies are necessary to examine the
underlying mechanisms.

In the present study, treatment with BPS significantly
attenuated infarct size after myocardial infarction. BPS
improved cardiac function and attenuated the development
of LV remodeling after acute myocardial infarction, as
indicated by increases in LV fractional shortening and
maximum dP/d:, and decreases in LVEDP and LVDD.
Taken together, BPS may attenuate myocardial infarction
through enhancement of neovascularization via modifica-
tion of bone marrow kinetics. Interestingly, 2 small frac-
tion of mobilized bone marrow cells expressed cardiac
troponin T in the ischemic myocardium in the BPS group,
suggesting that BPS may partially contribute to myocardial
regeneration after acute myocardial infarction. Earlier
studies have demonstrated that BPS has other beneficial

effects for ischemic heart disease including anti-thrombotic
activity [34], inhibition of reperfusion injury [35], and pre-
vention of coronary spasm [36), and re-stenosis [37). These
findings suggest that administration of BPS may be a
promising therapy for acute myocardial infarction.
Granulocyte colony stimulating factor (G-CSF) is cur-
rently used agent for mobilization of bone marrow. Infu-
sion of G-CSF after myocardial infarction improves LV
function increasing peripheral stem cell fraction [5,38]. A
recent clinical trial, however, claimed the G-CSF therapy
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Fig. 4. BPS-induced neovascularization, (A) Representative immunofiuorescent images stained with antibodies to von-Willbrand factor (VWF, red) a
green fluorescent protein (GFP, green). Nuclei were counterstained with DAPI (blue). (B,C) Semi-quantitative analyses of numbers of GFP-positive celi.
and GFP-vWF double-positive cells in the peri-infarct area. (D) Representative immunofiuorescent image of GFP-positive cells {green) expressing cardii :
troponin T (red) observed in the BPS group. Scale bars = 50 pm. Data are expressed as means & SEM. **p < 0.01 vs. Control group.

has serious problem with re-stenosis after recanalization
[39). On the other hand, the safety of BPS has been identi-
fied in the treatment ‘of peripheral arterial disease [12,13]
and pulmonary arterial hypertension [14,15) A random-
ized, controlled clinical trial failed to demonstrate thera-
peutic potential of prostacyclin for the treatment of
severe congestive heart failure [40], which has long discour-
aged the pursuit of prostacyclin as a therapeutic option for
the treatment of acute myocardial infarction. Interestingly,
however, double-blinded, randomized, placebo-controlled,
large-scale studies showed that treatment with BPS
decreased vascular events in patients with peripheral

arterial disease [41,42]. Thus, adequate use of BPS for orls
acute myocardial infarction may have beneficial effects 1
ischemic myocardium, although further preclinical trial;
are required to verify the safety and efficacy of BPS.

Conclusion

In summary, administration of BPS improved card: ac
structure and function in rats with acute myocardial infa: -
tion. This beneficial effect of BPS may be mediated parily
by its ability to enhance neovascularization in ischerac
myocardium by mobilizing bone marrow cells.
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Fig. 5. (A) Representative samples stained with antibody to von Willebrand factor by bright-field DAB. (B) Quantitative analysis of capillary density in
peri-infarct area. Administration of BPS increased capillary density by 37%. Scale bars = 50 pm. Data are expressed as means = SEM. “*p <0.01 vs.

Control group.
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Unblinded Pilot Study of Autologous Transplantation
of Bone Marrow Mononuclear Cells in Patients
With Thromboangiitis Obliterans

Koji Miyamoto, MD; Kazuhiro Nishigami, MD; Noritoshi Nagaya, MD; Koichi Akutsu, MD;
Masaaki Chiku, MD; Masataka Kamei, MD; Toshihiro Soma, MD; Shigeki Miyata, MD;
Masahiro Higashi, MD; Ryoichi Tanaka, MD; Takeshi Nakatani, MD;

Hiroshi Nonogi, MD; Satoshi Takeshita, MD

Background—The short-term clinical benefits of bone marrow mononuclear cell transplantation have been shown in
patients with critical limb ischemia. The purpose of this study was to assess the long-term safety and efficacy of bone
marrow mononuclear cell transplantation in patients with thromboangiitis obliterans.

Methods and Results—Eleven limbs (3 with rest pain and 8 with an ischemic ulcer) of 8 patients were treated by bone
marrow mononuclear cell transplantation. The patients were followed up for clinical events for a mean of 684549 days
(range 103 to 1466 days). At 4 weeks, improvement in pain was observed in all 11 limbs, with complete relief in 4
(36%). Pain scale (visual analog scale) score decreased from 5.1+0.7 to 1.5+1.3. An improvement in skin ulcers was
observed in all 8 limbs with an ischemic ulcer, with complete healing in 7 (88%). During the follow-up, however,
clinical events occurred in 4 of the 8 patients. The first patient suffered sudden death at 20 months after transplantation
at 30 years of age. The second patient with an incomplete healing of a skin ulcer showed worsening of the lesion at 4
months. The third patient showed worsening of rest pain at 8 months. The last patient developed an arteriovenous shunt
in the foot at 7 months, which spontaneously regressed by 1 year.

Conclusions—In the present unblinded and uncontrolled pilot study, long-term adverse events, including death and
unfavorable angiogenesis, were observed in half of the patients receiving bone marrow mononuclear cell transplantation.
G1ven the current mcomplete knowledge of the safety and efhcacy of this strategy, careful long-term monitoring is

unresponsive to dr
involves a long s
revascularization may not be feaqtble Surg1ca1 therapy,
consisting of arterial bypass or amputation, is complicated by
variable morbidity and mortality, and its effectiveness de-
pends on the short- and long-term patencies of the conduit
employed. Therapeutic angiogenesis thus constitutes a poten-
tial alternative treatment strategy for such patients.+>
Previous investigators have suggested that endothelial
progenitor cells, originating from bone marrow, circulate in

ilate the hemody-
0 The Therapeutic
Angiogenesis by Cell Transplantation (TACT) study first
demeonstrated that the magnitude of angiogenesis stimulated
by these cells is sufficient to constitute a therapeutic benefit
in patients with critical limb ischemia.’? In that study, the
investigators injected bone marrow mononuclear cells (BM-
MNCs) into the ischemic limb of patients and documented a
significant improvement in the hemodynamic deficit as well
as the relief of ischemic symptoms. Although the TACT
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