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(0.05%)—ethylenediaminetetraacetic acid (0.53 mmol/L) solution,
collected by centrifugation, and cultured on plastic culture dishes con-
taining standard medium until confluent. The cells were then trypsi-
nized at 1:3 split ratio. Experiments were carried out with cells
from the fourth to fifth passages. In this study, we established 3
primary cell isolations from different volunteers, and all cell isolations
were used in each experiment. All 3 primary cell isolations were exam-
ined for the several extracellular matrix proteins by using reverse tran-
scription—polymerase chain reaction. We confirmed that the cells
expressed mRNA of type 1 collagen, dentin matrix protein-1 (DMP-
1), and dentin sialoprotein; the latter 2 proteins are known to be
specific to dentin (23). All primary cell isolations provided similar
results in each experiment of this study.

Proliferation Assay

HDPC (6 x 10* cells/well) were plated onto 24-well plates until
confluence. The cells were made quiescent by replacing the medium
with serum-free a-MEM for 24 hours, and the medium was replaced
with or without 1% FCS a-modified MEM in the presence or absence
of FGF-2 (10 ng/mL). In another experiment mitomycin C (MMC)
(Kyowa Hakko Kogyo Co, Tokyo, Japan) treatment was carried out
before FGF-2 stimulation to suppress cell proliferation. Proliferation
was assayed by pulsing wells with 185 kBg/w of [*H]-thymidine (ICN
Radiochemicals; Irvine, CA) during the last 4 hours of the culture. At
the end of the incubation, cultures were harvested by using a semiauto-
matic cell harvester (Labomash; LM101 Laboscience, Tokyo, Japan),
and [*H]-thymidine incorporation was measured in a liquid scintilla-
tion counter (Aloka Co Ltd, Tokyo, Japan).

Alkaline Phosphatase Activity Assay

Alkaline phosphatase (ALPase) activity was investigated according
to the procedure of Bessay et al (24). The HDPC were seeded in 24-well
culture dishes (6 x 10 cells/well) with standard medium containing
50 wg/mL ascorbic acid and 10 mmolL beta-glycerophosphate
(BGP) (Sigma, St Louis, MO). Cells were cultured for the number of
indicated days in this medium, and medium was changed every 3
days. We investigated ALPase activity when the HDPC were incubated
with 10 ng/mL FGF-2 for 8, 14, 20, or 26 days. To determine the revers-
ibility of the FGE-2 effect on ALPase activity, the HDPC were cultured for
15 days in the presence of FGF-2. Cells were then subsequently cultured
in the absence of FGF-2 in standard medium containing 50 ug/mL as-
corbic acid and 10 mmol/L, BGP. After washing twice with saline, the
cells were homogenized in a glass homogenizer in 1 mL of 0.9%
NaCl, 0.2% Triton X-100 at 0°C—4°C, and centrifuged for 15 minutes
at 12,000g. ALPase activity in the supernatant was measured by using
p-nitrophenyl phosphate (pNP) as substrate. The supernatant was as-
sayed in a 0.5 mol/L Tris/HCl buffer (pH 9.0) containing 0.5 mmol/L
PNP and 0.5 mmol/L MgCl,. The reaction mixture was incubated at
37°C for 30 minutes and was stopped by addition of 0.25 volume of
1 N NaOH. Hydrolysis of pNP was monitored as change in A410 with
a spectrometer (Hitachi, Tokyo, Japan). p-Nitrophenol was used as
a standard. One unit of activity was defined as the amount hydrolyzing
1 nmol of p-NP in 30 minutes.

Cellular DNA Content

DNA content was measured by a modification of the method of Lab-
arca and Paigen (25). The HDPC were seeded in 24-well culture dishes
(6 x 10* cells/well) with standard medium containing 50 ug/mL ascor-
bic acid and 10 mmol/L BGP. They were cultured for the indicated days
with this medium, which was changed every 3 days. Alteration of DNA
content of the cells was determined as follows. The HDPC were washed
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Figure 1. FGF-2 activates cell proliferation by HDPC. HDPC were incubated in
24-well plates until confluence. HDPC were made quiescent by replacing stan-
dard medium with serum-free alpha-MEM for 24 hours and cultured in the
presence or absence of FGE-2 (0.16, 0.84, 4, 20, 100 ng/mL) without («)
or with (5) 1% ECS. Cells were pulsed with 185 kBq/w of [°H]-thymidine
during the last 4 hours of culture. At the end of the incubation, cultures
were harvested, and the radioactivity was measured. Results of mean and stan-
dard error of the mean (SEM) of 3 identical experiments are shown. *P < .05.

with phosphate-buffered saline and then homogenized at 0°C—4°C in
1 mL of 2 mol/L NaCl/25 mmol/L Tris-HCl (pH 7.4). After centrifugation
at 12,000g for 10 minutes, 25 uLof 5 ug/mL bisbenzimidazole (Sigma)
was added to 100 uL of the supernatant. The fluorescent spectra at
emission (458 nm) after excitation at 356 nm were monitored by a spec-
trophotometer. The concentration of DNA in the samples was deter-
mined by a standard curve made at various concentrations of calf
thymus DNA.

Alizarin Red Staining

Cytochemical staining of calcium was performed by modification
of the alizarin red staining method (26). HDPC were cultured on 6-well
culture plates (4 x 10° cells/well). At the end of incubation with stan-
dard medium containing 50 pg/mL ascorbic acid and 10 mmol/L BGP
for indicated time, cell layers were washed twice with saline and then
fixed with dehydrated ethanol. After fixation, the cell layers were stained
with 1% alizarin red S in 0.1% NH4OH (pH 6.5) for 5 minutes and then
washed with H,0. Cells were observed under a microscope, and images
were taken with a Nikon Coolpix (Nikon, Tokyo, Japan). Quantitative
evaluation was determined by using image analysis with the WinRoof
software program (Mitani Corporation, Fukui, Japan).

Migration Assay

Migration assays were performed after modifying the Teflon
restraint migration assay (27). HDPC were seeded at 6 x 10 cells/glass
bottom dish (Matsunami, Osaka, Japan), on which was placed a silicon
block (30 mm x 70 mm; Togawa Rubber Co Ltd, Osaka, Japan) to
introduce a cell-free area. Cells were grown until confluence, after
which the silicon block was removed and the medium was replaced
with 1% FCS «-MEM in the presence or absence of FGF-2 (10 ng/
mL). The migration of HDPC to the cleared area was photographed
immediately after removing the silicon block and 24 hours later by using
aNikon Eclipse TS100 inverted phase contrast microscope and Coolpix
990 (Nikon Corp). In each dish, 4 randomly chosen fields 1 mm in
length were analyzed, and the number of cells that had translocated
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Figure 2. FGF-2 reversibly decreased ALPase activity by HDPC. HDPC were cultured with standard medium containing 50 wg/mL ascorbic acid and 10 mmol/L BGP
in the presence or absence of FGF-2 (10 ng/mL). The 2 groups were then further subdivided, with the former cultures maintained in the continuous presence of
FGF-2 (closed triangle) or FGF-2 was removed after 15 days, after which the culture continued to be incubated in the absence of FGE-2 (open triangle). The latter
cultures were maintained in the absence of FGF-2 (open circle) or cultured with FGF-2 (closed circle). At the end of incubation, an ALPase assay was petformed.

Results of mean and SEM of 3 identical experiments are shown. *P < .05.

into the cleared area was determined. In some experiments HDPC were

treated with 16 pg/mL of MMC for 2 hours at 37°C.

Statistical Analyses

All experiments were performed in triplicate, and results are ex-
pressed as mean -+ standard deviation. Data were statistically analyzed
between FGF-2—stimulated and unstimulated groups by using the Mann-
Whitney rank sum test or Bonferroni (P < .05 was considered statisti-
cally significant).

Results

FGF-2 Increased HDPC Proliferation

Previous studies have revealed that FGF-2 has potential ability to
promote cell proliferation in a variety of cell types (28). Here we
examined the effects of FGF-2 on the proliferative responses of
HDPC. Fig. 1 shows that FGF-2 increased the proliferative response
of HDPC in a dose-dependent manner when the cells were cultured
with or without 1% FCS. FGF-2, however, has little effect on the prolif-
erative response of HDPC that were treated with o-MEM containing
10% FCS (data not shown). FCS is essential to maintain in vitro
cell culture especially for a long term. However, addition of FCS affects
the various cell responses because FCS contains a variety of growth
factors. Therefore, to minimize the effect we used 1% FCS in the prolif-
eration and migration assays. On the other hand, 10% FCS had to be
added in ALPase and alizarin staining assays to maintain the long-term
culture of HDPC.

FGF-2 Suppressed Cytodifferentiation of HDPC

AlPase assay and alizarin red staining were performed to
investigate the influence of FGF-2 on cytodifferentiation of HDPC.
Consistent with previous findings (6, 29, 30), HDPC have potential
to produce a calcified nodule with elevated levels of ALPase activity
when cultured with BGP and ascorbic acid. As shown in Figs. 2, 3,
and 4, FGF-2 suppressed increased levels of ALPase activity and
formation of calcified nodules. Also, FGF-2 decreased ALPase activity
and formation of a calcified nodule by HDPC that had been activated
with ascorbic acid and BGP for 15 days. Notably, the suppressive
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effects of FGF-2 on both ALPase activity and calcified nodule forma-
tion were abolished when FGF-2—-treated HDPC were subsequently
cultured in the absence of FGF-2. This suggests that FGF-2 reversibly
inhibits the differentiation of HDPC.

FGF-2 Enhanced Cell Migration

Next, we carried out the migration assay to investigate the effect of
FGF-2 on cell migration of HDPC. As shown in Fig. 5, FGF-2 treatment of
HDPC activated cell migration. However, it is possible that the enhanced
cell migration might be caused solely by FGF-2—dependent prolifera-
tion. To exclude this possibility, HDPC were treated with MMC (the
replication inhibitor), and the migration assay was then performed.
First, we confirmed the inhibitory potential of MMC. Fig. 64 and 6b
showed that treatment of FGF-2— or unstimulated HDPC with 16 ug/
mL of MMC resulted in little proliferative response (611 % 251 or
437 4 109 cpm, respectively), compared with that of the cells (1727
+ 423 cpm) cultured in the absence of FCS and FGF-2. Interestingly,
FGF-2 increased cell migration of HDPC that had been treated with
16 ug/ml MMC (Fig. 6¢).

Discussion

In human dental pulp, undifferentiated mesenchymal cells are
observed, as are other tissues (1, 2, 31). The stem cells can form
dentin-pulp complex #n vivo when the tissue is pathophysiologically
stimulated or damaged (1). Because the proportion of undifferentiated
mesenchymal cells in dental pulp is higher than that in bone marrow
cells (1), it is speculated that pulp tissues possess relatively high poten-
tial to regenerate themselves. In addition, the dental pulp cells exhibit
various biologic functions in response to many stimuli to maintain
the homeostasis of the dentin-pulp complex (32, 33).

During tooth development, FGF-2 is present on basement
membrane between oral epithelium and mesenchymal tissue (34).
FGF-2 regulates differentiation of odontoblasts and ameloblasts (35)
and has been reported to induce the change from preodontoblast to
odontoblast, in combination with transforming growth factor—31 or
insulin-like growth factor—1 (36). These observations suggest that
FGF-2 plays important roles in cytodifferentiation of odontoblasts and
in dentin formation.

1331

FGE-2-Induced Cell Function of Pulp Cells



Basic Research—Biology

day39
day15 ,
FGF-2 (+) for the first FGF-2 (+) for the first 15days
15days
for anothe24days for anothe24days
FGF-2 (+) FGF-2.(+) FGF-2 (+)
FGF-2 (+) FGF-2(-) FGF2 ()
High power field

d

Flyure 3. FGF-2 reversibly suppressed calcified nodule formation by HDPC. HDPC were cultured with standard medium containing 50 wg/m ascorbic acid and 10
mmol/L BGP in the presence (a) or absence (4) of FGF-2 (10 ng/mL) for 15 days. The former cultures were keptin the continuous presence of FGF-2 for additional
24 days (c) or removed FGF-2 at the initial 15 days, after which the culture was maintained in the absence of FGF-2 (4). The latter culture was cultured for an
additional 24 days in the absence of FGF-2 () or cultured with FGE-2 (). At the end of incubation, alizarin red staining was performed. Results of 1 representative

experiment among 3 identical experiments are shown.

Consistent with previous studies (37, 38), this study revealed that
FGF-2 increased proliferation of HDPC (Fig. 1). Furthermore, FGF-2
activated cell migration and reversely suppressed ALPase activity and
mineralization by HDPC (Figs. 2—4). The results presented in this
study clearly support the hypothesis that FGF-2 modulates cell prolif-
eration, migration, and mineralization of HDPC. FGF-2—stimulated
migratory action observed in the migration assay (Fig. 5) is likely to
be dependent on proliferative responses as FGF-2 has potential
augmentation in DNA synthesis of HDPC (Fig. 1). Interestingly, FGF-2

stimulated migratory activity was increased even when the cell prolif-
eration was inhibited by MMC (Fig. 6). Therefore, FGF-2 up-regulates
cell migration of HDPC in addition to cell proliferative responses.
Because cell proliferation and migration are critical events of wound
healing and regeneration processes, cellular FGF-2—induced prolifer-
ation and migration contribute to favorable tissue repair of the dentin-
pulp complex.

FGF-2 is localized in dentin and released after injury. Also, fibro-
blasts and endothelial cells in dental pulp produce FGF-2. Thus, HDPC
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Figure 4. Quantitative evaluation on the effect of FGF-2 on calcified nodule formation by HDPC. Quantitative evaluation was determined by using image analysis with
the WinRoof software program on alizarin red staining. (#) Results of mean and (b) SEM of 3 identical experiments are shown. *P < .05.
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Figure 5. FGF-2 increased cell migration by HDPC. HDPC were seeded on a glass bottom dish, on which was placed a silicon block to introduce a cell-free area,
and grown until confluence. The silicon block was then removed, and the medium was replaced with 1% FCS o-MEM in the presence or absence of FGF-2 (10 ng/
mL). Migration of HDPC to the cleared area was photographed immediately after removing the silicon block and 24 hours later by using phase contrast microscopy.
The dotted line is an edge of the cell layer just after removing silicon rubber. () Migratory activity was estimated by the assay described in Materials and Methods.
(b) Results of mean and SEM of 3 identical experiments are shown. *P < .05.

are exposed to FGF-2 in physiologic and pathophysiologic conditions.
HDPC expressed fibroblast growth factor receptor (FGFR) mRNA
(data not shown). FGFRs are activated by its ligands such as FGF-2
and mediate cellular functions of the cells viavarious signaling pathways
(Fig. 7).

The tissue repair process includes a sequence of functionally
coordinated events involving cell proliferation and migration,
release of extracellular matrix, and cytodifferentiation accompanying
cell-signaling molecule interactions. Although suppression of FGF-2
for cell differentiation of HDPC was observed, HDPC, which had
been pre-exposed to FGF-2 and then cultured without FGF-2,
increased the ALPase activity and calcified nodule formation (Figs.
2, 3 and 4). The results emphasize the temporary suppression of
differentiation by FGF-2 seen in the expanded dental pulp cells.
Furthermore, HDPC are capable of cytodifferentiation at subsequent
stages when other molecules distinct from FGF-2 play crucial roles.
These results also suggest that FGF-2 potentiates cell growth and
accumulation of HDPC that notably did not disturb cytodifferentia-
tion of the cells later. Thus, FGF-2 is a favorable candidate for
pulp capping agent.

FGF-2 enhanced pulp microvessel density (39). Revascularization
is essential to wound repair. We have previously reported that FGF-2
increased hyaluronan expression by HDPC (40). Hyaluronan is
capable of activating cell migration and, in turn, leads to accelerated
tissue repair (41-47). Kikuchi et al (48) have demonstrated that appli-
cation of FGF-2 to exposed pulp tissue leads to induced calcified parti-
cles and dentin bridge. Thus, the #n vivo effects of FGE-2 appear to be
due to multipotential actions of FGF-2 including cell proliferation,
migration, and reversible suppression of cytodifferentiation observed
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in this study in addition to angiogenic activity and regulation of hyalur-
onan expression.

FGF-2 stimulates the proliferative responses but decreases the
ALPase activity and mineralization of HDPC (Figs. 2, 3, and 4). At
this growth stage, FGF-2 simultaneously down-regulates the mRNA
expression of collagen type I, osteonectin, bone sialoprotein, DMP-
1, and dentin sialophosphoprotein (data not shown), which are
closely associated with the mineralization. Furthermore, the expres-
sion of decorin and biglycan is also decreased by FGF-2 (data not
shown), both of which are main components of small leucin rich
proteoglycan in dentin and play a critical role in mineralization of
dentin and enamel (49). Thus, FGF-2—dependent modulation of
extracellular matrix production can partly account for FGF-2—induced
suppression of mineralization of HDPC.

Noteworthy is the fact that FGF-2—dependent inhibition of ALPase
activity and calcified nodule formation was recovered when the pre-
treated HDPC were recultured in the absence of FGF-2 (Fig. 2 A vs
A ; Fig. 3 (¢) vs (d)). The similar phenomenon was observed when
periodontal ligament cells were stimulated with FGF-2. Importantly, it
has also been revealed that topical application of FGF-2 induces signif-
icant periodontal regeneration (19-21). Thus, we deduce that topically
applied FGF-2 during the early stages of wound healing increases the
number of progenitor cells while suppressing differentiation into
hard tissue—forming cells such as osteoblasts, cementoblasts, and prob-
ably odontoblasts. During the subsequent healing processes when FGF-
2 activity disappears at the applied site, those progenitor cells start to
differentiate, enhancing tissue regeneration. To evaluate the efficacy
of FGF-2 for regeneration of dentin-pulp complex, iz vivo experiments
with beagles are in progress.
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Skeletal myoblast sheet transplantation improves the diastolic
function of a pressure-overloaded right heart

Takaya Hoashi, MD,* Goro Matsumiya, MD, PhD,* Shigeru Miyagawa, MD, PhD,*

Hajime Ichikawa, MD, PhD,* Takayoshi Ueno, MD, PhD,* Masamichi Ono, MD, PhD,*

Atsuhiro Saito, PhD,? Tatsuya Shimizu, MD, PhD,” Teruo Okano, MD, PhD,” Naomasa Kawaguchi, PhD,°
Nariaki Matsuura, MD, PhD,° and Yoshiki Sawa, MD, PhD?

Objective: The development of right ventricular dysfunction has become a common problem after surgical repair
of complex congenital heart disease. A recent study reported that tissue-engineered skeletal myoblast sheet
transplantation improves left ventricular function in patients with dilated and ischemic cardiomyopathy. There-
fore myoblast sheet transplantation might also improve ventricular performance in a rat model of a pressure-over-
loaded right ventricle.

Methods: Seven-week-old male Lewis rats underwent pulmonary artery banding. Four weeks after pulmonary
artery banding, myoblast sheet transplantation to the right ventricle was performed in the myoblast sheet trans-
plantation group (n = 20), whereas a sham operation was performed in the sham group (n = 20).

Results: Four weeks after performing the procedure, a hemodynamic assessment with a pressure—volume loop
showed a compensatory increase in systolic function in both groups. However, only the myoblast sheet transplan-
tation group showed a significant improvement in the diastolic function: end-diastolic pressure (sham vs myoblast
sheet transplantation, 10.3 & 3.1 vs 5.0 &= 3.7 mm Hg; P < .001), time constant of isovolumic relaxation (11.1 &
2.5 vs 7.6 & 1.2 ms, P < .001), and end-diastolic pressure~volume relationship (16.1 + 4.5 vs 7.6 + 2.4/mL,
P < .005). The right ventricular weight and cell size similarly increased in both groups. A histologic assessment
demonstrated significantly suppressed ventricular fibrosis and increased capillary density in the myoblast sheet
transplantation group in comparison with those in the sham group. Reverse transcription—polymerase chain re-
action demonstrated an increased myocardial gene expression of hepatocyte growth factor and vascular endothe-
lial growth factor in the myoblast sheet transplantation group but not in the sham group.

Conclusions: Skeletal myoblast sheet transplantation improved the diastolic dysfunction and suppressed ventric-
ular fibrosis with increased capillary density in a rat model of a pressure-overloaded right ventricle. This method
might become a novel strategy for the myocardial regeneration of right ventricular failure in patients with

Hoashi et al

congenital heart disease.

Because of recent developments in diagnostic methods, the
establishment of new surgical techniques, and improve-
ments in perioperative management, patients with complex
congenital heart disease (CHD) are today often able to sur-
vive to adulthood. However, even after a successful repair,
right ventricular (RV) overload remains in some patients,
in whom it impairs RV function and influences long-term
mortality and morbidity.'? Chronic pressure overload is
one of the major risk factors of RV dysfunction. In this
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situation the right ventricle is hypertrophied and systolic
function is initially preserved, whereas diastolic function
gradually deteriorates.*> Prolonged exposure to excessive
pressure overload results in irreversible RV failure. Clini-
cally, the relationship between progressive fibrosis and RV
function must be addressed.®®

Recently, cardiac regeneration therapy has provided a new
treatment for end-stage heart failure, and skeletal myoblasts
are currently thought to be a potential cell source.” ! We
developed a novel cell delivery system using temperature-
responsive culture dishes,'* and tissue-engineered cell sheets
have been created without any scaffold, which maintains cell-
cell interaction and extracellular matrix while avoiding any
inflammatory reaction, and with improved cell survival.'?
Skeletal myoblast sheet transplantation (MST) has been
shown to improve left ventricular (L'V) contractility in several
animal models of LV failure."*® Otherwise, it is unclear
whether MST can also affect the right ventricle, especially
pressure-induced RV dysfunction. Hence this study assessed
whether MST could improve RV function in rats after damage
caused by pressure overload.
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Abbreviations and Acronyms
BW = body weight
CFR = coronary flow reserve
EDPVR = end-diastolic pressure—volume
relationship

Ees = end-systolic elastance

ESPVR = end-systolic pressure—volume
relationship

GAPDH = glyceraldehyde-3-phosphate
dehydrogenase

HGF = hepatocyte growth factor

A = intraventricular septum

LV = left ventricular

MS = myoblast cell sheet

MST = myoblast sheet transplantation

PA = pulmonary artery

PAB = pulmonary artery banding

PRSW = preload recruitable stroke work

RT-PCR = reverse transcription—polymerase
chain reaction

RV = right ventricular
SW = stroke work
VEGF = vascular endothelial growth factor

MATERIALS AND METHODS

Animal Care

All experimental procedures and protocols used in this investigation
were reviewed and approved by the institutional animal care and use com-
mittee and are in accordance with the National Institutes of Health “‘Guide
for the care and use of laboratory animals’’ (National Institutes of Health
publication no. 85-23, revised 1996).

Creation of Chronic RV Pressure Overload

A rat model of pulmonary artery banding (PAB) was established to create
chronic RV pressure overload. Seven-week-old male Lewis rats (180-210 g)
were anesthetized with an intraperitoneal injection of ketamine hydrochlo-
ride (50 mg/kg) and xylazine (5 mg/kg) and ventilated by using a volume-
controlled respirator (2 mL, 60 cycles/min) with room air. A left thoracotomy
was performed at the fourth intracostal space, and the main pulmonary artery
(PA) was carefully exposed. As previously reported,’” a 19-gauge injection
needle (outer diameter, 1.1 mm) was placed alongside the PA, and a3-0 poly-
ester suture was tied tightly around the PA and the needle. Next, the needle
was rapidly removed, and then a fixed diameter was set for the PA. There-
after, the thorax was closed in layers, and the ventilator setting was changed
(90 cycles/min) for half an hour to reduce the respiratory load.

Skeletal Myoblast Sheet Preparation

Creation of myoblast cell sheets (MSs) with temperature-responsive cul-
ture dishes (UpCell; Cellseed, Tokyo, Japan) was done according to previ-
ous reports. 14-16 Briefly, skeletal muscle was harvested from the hind legs of
4-week-old syngeneic rats. The purified myoblasts were incubated on
35-mm UpCell dishes at 37°C, with the cell numbers adjusted to 3 X 10°
per dish. After 12 to 18 hours, the dishes were moved to a refrigerator set
at 20°C and left there for 30 minutes. During that time, the MSs detached
spontaneously from the surfaces. Each sheet measured from 10 to 15 mm
in diameter.

Skeletal MST

Four weeks after PAB, a second left thoracotomy was performed at the
fifth intracostal space after achievement of general anesthesia. After opening
the pericardium, the RV anterior wall was exposed. Two MSs were grafted
onto each anterior wall of the right ventricle in the MST group (n = 20), or
a sham operation was performed in the sham group (n = 20). The pericar-
dium was closed linearly before the thorax was closed to prevent the dislo-
cation of MSs. In addition, age-matched rats that did not undergo surgical
intervention were also prepared as a control group (n = 20).

Hemodynamic Study and Data Analysis

Four weeks after the MST or sham operation, 10 rats in each group were
anesthetized and ventilated again and were set on the blanket warmer to
maintain body temperature. A median sternotomy was performed, and the
pericardium was opened carefully to minimize hemorrhaging. A silk thread
was placed under the inferior vena cava just above the diaphragm to change
the RV preload. After purse-string sutures were attached with 7-0 polypro-
pylene, the conductance catheter (Unique Medical Co, Tokyo, Japan) was
inserted through the RV apex toward the pulmonary valve along the longi-
tudinal axis of the RV cavity and then fixed. A Miller 1.4F pressure-tip cath-
eter (SPR-719; Millar Instruments, Houston, Tex) was also inserted from
the RV anterior wall and fixed. For better volume measurement, a 1-mm
curve was added to the original standard straight conductance catheter to
fit the complex RV geometry. The position of the conductance catheter
was determined by observing the pressure and segmental volume signals
with the appropriate phase relationships. The conductance system and the
pressure transducer controller (Integral 3 [VPR-1002], Unique Medical
Co) were set as previously reported.'® Pressure-volume loops and intracar-
diac electrocardiograms were monitored online, and the conductance, pres-
sure, and intracardiac electrocardiographic signals were analyzed with
Integral 3 software (Unique Medical Co)."®

Under stable hemodynamic conditions, the baseline indices were ini-
tially measured, and then the pressure—volume loop was drawn during infe-
rior vena caval occlusion and analyzed (Figure 1). Finally, the conductivity
of the sampled blood was measured with a small (0.1 mm) cuvette, and the
parallel conductance volume was measured with the hypertonic satine dilu-
tion method to obtain the absolute volumes.'®

The following indices were calculated as the baseline RV function: heart
rate, end-systolic pressure, end-diastolic pressure, dP/dtmax, dP/dtmin, and
the time constant of isovolumic relaxation (7). The following relationships
were determined by means of pressure~volume loop analysis as load-inde-
pendent measures of RV function: end-systolic pressure—~volume relation-
ship (ESPVR), end-diastolic pressure—volume relationship (EDPVR), and
preload recruitable stroke work (PRSW).

The ESPVR is linear, and it can be characterized by a slope (end-
systolic elastance [Ees]) and a volume axis intercept (Vo), so that
Pes = Ees(Ves—Vo), where Pes and Ves are the end-systolic pressure
and volume, respectively.?

In contrast, the EDPVR is intrinsically thought to be nonlinear. The
relationship between the end-diastolic pressure (Ped) and volume (Ved)
can be fitted to the monoexponential, so that Ped = Potbekrved , where
Po is the pressure asymptote (generally close to 0 mm Hg), b is a constant,
and Kv is the variable represented as a ventricular stiffness property,”!

The relationship between ventricular stroke work (SW) and end-diastolic
volume (Ved) is represented as PRSW. PRSW is thought to be a suitable
parameter of the contractile state and fitted to the following equation:
SW = K(Ved—Vo), where K is a constant as a potential measure of intrinsic
myocardial performance independent of loading, geometry, and heart rate.?

Histopathologic Analysis

The other 10 rats in each group were killed 4 weeks after the sham or
MST operation for histologic analysis, reverse transcription—polymerase
chain reaction (RT-PCR), and blood sampling. The hearts were quickly
removed, and the ventricles were dissected free of atrial tissue and large
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FIGURE 1. Representative pressure~volume loops of the control (A), sham (B), and myoblast sheet transplantation (MST; C) groups under different loading
conditions. The slope of the end-systolic pressure—volume relationship is displayed as a black straight line. The correlation of the end-diastolic pressure—
volume relationship is displayed as a green monoexponential curve. RVP, Right ventricular pressure; RV, right ventricle.

blood vessels. The right ventricle was carefully separated from the left
ventricle and intraventricular septum (IVS). The fresh ventricular tissues
were immediately blotted dry and weighted separately to determine the de-
gree of RV hypertrophy based on 2 parameters: RV wall weight/body
weight (RV/BW) and RV wall weight/LV and IVS wall weight (RV/
LVHVS).

Tissue specimens were obtained from the endocardium, the midwall,
and the epicardium of the RV anterior wall in cross-sections, cut into
5-um-thick sections, and stained with hematoxylin and eosin for morpho-
logic analysis, including measurement of RV wall thickness, periodic acid—
Schiff staining to measure the short-axis length of the RV myocardial cell,
Factor VII-related antigen staining (Dako EPOS anti-human Von
Willebrand factor/HRP; Dako Cytomation, Glostrup, Denmark) to quantify
capillary vascular density, and Masson trichrome staining for determina-
tion of the amount of interstitial and myocardial fibrosis. The percentage
of interstitial and myocardial fibrosis were assessed by a computer-based
method®2* with the use of a software filter (Mac Scope Software;
MITANI Corp, Tokyo, Japan), which can recognize the distinct color
shades. The number of pixels of the blue-stained collagen area was calcu-
lated, then divided by the total number of pixels in a field. Each 3 fields of
the endocardial, epicardial, and mid layers of the RV wall per slide were
analyzed and then averaged.

RT-PCR

Total RNA was isolated from the stored specimens by using the RNeasy
Mini Kit (Qiagen, Hilden, Germany) and reverse transcribed with Ommni-
script Reverse Transcriptase (Qiagen). RT-PCR was performed with the
ABI PRISM 7700 (Applied Biosystems, Foster City, Calif). Measurement
of the mRNA expression of hepatocyte growth factor (HGF) and vascular
endothelial growth factor (VEGF) was performed in triplicate. The results
are expressed after normalization for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH).

Statistical Analysis

All data were expressed as the mean + SEM and range. Student’s
unpaired 7 test or analysis of variance for parametric values was used to com-
pare group means.

RESULTS
Pressure Overload and Hypertrophy of the Right
Ventricle After PAB

After PAB, a weight analysis showed the heart weight/BW,
RV/BW, and RV/(LVHVS) weight ratios in the sham and

462

126

MST groups to be similar and significantly higher than in
the control group (Table 1). Both the sham and MST groups
showed a significantly increased end-systolic pressure and
dP/dtmax than seen in the control group (Table 2).

Hemodynamic Effects of MST

The baseline indices revealed that end-diastolic pressure
and 7 values were significantly increased only in the sham
group in comparison with those in the control group but
not in the MST group (Table 2). Typical examples of the
pressure—volume loop in each group are presented in
Figure 1. The pressure—~volume loop analysis revealed that
the ESPVR and PRSW values significantly increased both
in the sham and MST groups. However, the EDPVR value
significantly increased only in the sham group (control vs
sham vs MST groups: 8.6 &= 2.9 vs 16.1 + 4.5 vs 7.6 £
2.4/ml; P < .05 in the control and MST groups vs the
sham group; Table 2).

Histologic Effects of MST

Whole heart findings showed the RV wall thickened, the
cavity enlarged, and the IVS shifted toward the left side in
the sham and MST groups (Figure 2, A). In the MST group
transplanted MSs were observed as an elastic thin layer on
the epicardium (Figure 2, B). The RV wall thickness and
myocardial cell size in the sham and MST groups were sim-
ilar and significantly higher than in the control group
(Figure 2, C-E).

TABLE 1. Weight analysis at the fourth week after the operation

Group Control Sham MST
HW/BW (mg/g) 2.62 £ 0.09 3.53 £ 0.50% 4.03 & 0.59*
RV/BW (mg/g) 0.54 +0.15 1.62 & 0.42* 1.65 & 0.32*
RV/IVSHLV) 0.27 £+ 0.08 0.69 £ 0.11% 0.69 £ 0.09%

MST, Myoblast sheet transplantation; HW, heart weight; BW, body weight; RV, right
ventricle; /VS, interventricular septum; LV, left ventricle. *P < .05 versus the control
group.
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TABLE 2. Hemodynamic indices at the fourth week after the operation

Group Control Sham MST
Basic hemodynamic indices
HR (beats/min) 280 £ 72 233 +34 249 £+ 65
ESP (mm Hg) 228 +29 82.3 £ 11.8* 78.7 + 13.2%
EDP (mm Hg) 24+ 14 10.3 £ 3.1%} 5.0+37
dP/dtmax (mm Hg/s) 1301 £ 206 3197 4 597* 3352 + 1332%
dP/dtmin (mm Hg/s) -997 + 210 2466 + 582* —2682 £ 828*
7 (ms) 79 £27 11.1 £ 2.5% 76£1.2
Load-independent parameters analyzed by PV loop
ESPVR (mm Hg/mL) 538 +£ 196 857 £ 305* 967 £ 201*
EDPVR (/mL) 86+29 16.1 £ 4.5%} 7.6+24
PRSW (mm Hg) 17.0 £ 4.1 40.2 + 19.6* 40.8 + 13.6*
PRSW/RV (mm Hg/kg) 88.3 £23.9 71.5 £ 31.3 73.6 +28.8

MST, Myoblast sheet transplantation; HR, heart rate; ESP, end-systolic pressure; EDP, end-diastolic pressure; PV, pressure~volume; ESPVR, end-systolic pressure~volume
relationship; EDPVR, end-diastolic pressure—~volume relationship; PRSW, preload-recruitable stroke work; RV, right ventricular weight. *P < .05 versus the control group. {P
< .05 versus the MST group.

Factor VIII stain showed that myocardial capillary vascu-  other 2 groups (control vs sham vs MST groups: 262 + 98
lar density showed no significant difference at the mid layer ~ vs 271 & 289 vs 823 £ 708; P <0.05 in the control and
and endocardial layer (Figure 3, B and C), but it was signif-  sham groups vs the MST group; Figure 3, D).
icantly higher in the MST group than in the other 2 groups at Periodic acid-Schiff staining demonstrated significant
the epicardial layer (Figure 3, A). Hence, total capillary den- interstitial fibrosis of the right ventricle in both the sham
sity in the MST group was significantly higher than in the = and MST groups, but the percentage of fibrosis in the

) ) ) RV wall
control sham MST thickness
(ram)
*
40 £
30
20
1.0
0.0 - —
D conérol sham MST
Cell size
) * ;
40 * t [
30F
201
10
0 - : p
E control sham MST

FIGURE 2. Macroscopic photographs of hematoxylin and eosin—stained sections showing right ventricular (RV) wall thickening, cavity enlarging, and the
intraventricular septum shifting towered the left side in the sham and myoblast sheet transplantation (MST) groups (A and D). Photomicrographs (40X, scale
bar = 200 um) of hematoxylin and eosin—stained sections showed a fibrous organized thin layer on the epicardium in the myoblast sheet transplantation group
(B). Photomicrographs (400X, scale bar = 20 um) of periodic acid—Schiff-stained sections showed significantly hypertrophied ventricular myocytes in the
sham and myoblast sheet transplantation groups (C and E). *P <.05 (n = 10).
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FIGURE 3. Representative photomicrographs (100X, scale bar = 100 um) of Factor VIII-stained epicardial layer (A), mid layer (B), and endocardial layer
(C). Neovascularization occurred at the epicardial layer in the myoblast sheet transplantation (MST) group (D). *P < .05 (n = 10).

MST group was significantly less than that in the sham
group (control vs sham vs MST groups: 4.8% =+ 1.1% vs
24.5% 4+ 10.0% vs 19.0% =+ 5.1%; P < .05 between
each 2 groups; Figure 4, A and E). Aggregated endomyocar-
dial fibrosis was detected only in the sham group (endomyo-
cardial percentage of fibrosis, control vs sham vs MST
groups: 5.7% + 0.1% vs 31.5% =+ 8.4% vs 18.6% =+
5.9%; P < .01 in the control and MST groups vs the sham
group; Figure 4, B-D and F).

RT-PCR

The expression of HGF and VEGF mRNA in the MST
group was significantly higher than in the sham group (con-
trol vs sham vs MST groups: HGF, 0.00009 4 0.00008 vs
0.00041 £ 0.00030 vs 0.00073 + 0.00031/GAPDH [P <
.05 in each group}; VEGF, 0.00242 =+ 0.00164 vs 0.00329
4+ 0.00181 vs 0.00512 + 0.00113/GAPDH [P < .05 in the
control and sham group vs the MST group]; Figure 5).

DISCUSSION

This study demonstrated that skeletal MST improved di-
astolic function in a pressure-overloaded right heart model
in rats by means of PAB. This conclusion is supported by
the following evidence: (1) the diastolic function was signif-
icantly improved based on hemodynamic assessment and
pressure—volume loop analysis; (2) interstitial and endocar-
dial fibrosis was ameliorated, and capillary vascular density
of the epicardial layer was increased; and (3) myocardial

gene expression of HGF and VEGF was significantly in-
creased. MST has been shown to have therapeutic effects
in several models of LV failure.***¢ However, the present
results are the first to show evidence that MST is effective
for the treatment of RV dysfunction resulting from chronic
pressure overload.

Prolonged RV pressure overload promotes unique mor-
phologic, histologic, and functional changes. The mechanical
stimulation of pressure overload extends the myocardium,
which leads to diastolic dysfunction.”’ Simultaneously, hy-
pertrophied myocardium upregulates the release of various
chemical mediators,'” which induce further myocardial ex-
pansion, apoptosis, necrosis, and fibrosis, finally resulting
in RV decompensation. Otherwise, ventricular hypertrophy
itself reduces the coronary flow reserve (CFR) and leads to
coronary microcirculatory dysfunction.”> As studies on the
left ventricle show, this phenomenon is detected particularly
in the subendocardium.® The shortage of CFR induces myo-
cardial cellar mortality and endocardial fibrosis, which accel-
erates ventricular dysfunction. The present and previous data
indicate that transplanted elastic cells initially improved ven-
tricular stiffness’® and preserved CFR in the hypertrophied
myocardium, both of which generate a synergistic effect of
the suppression of myocardial cell death and fibrosis, espe-
cially at the endocardial layer. Although an angiogenetic ef-
fect was observed with the increased myocardial gene
expression of HGF and VEGF, we speculate this does not in-
crease endocardial coronary flow directly because increased
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FIGURE 4. Representative photomicrographs of Masson’s trichrome—stained transmural layer (A; 40X, scale bar = 200 um), epicardial layer (B), mid layer
(C), and endocardial layer (D; 200X, scale bar = 50 um) for evaluation of interstitial (E) and endomyocardial (F) fibrosis. *P < .05 (n = 10).

capillary density was only seen at epicardial layer. These new
capillaries might increase the blood supply to the transplanted
myoblasts and prolong their survival."®

As several LV studies have previously shown, Lamberts
and colleagues®’ revealed the strict relationship between
RV chamber stiffness and the degree of myocardial fibrosis.
In their report they also described that prevention or reduc-
tion of RV fibrosis improved RV diastolic dysfunction.
Although we could not show any individual correlation
between collagen contents and hemodynamic parameters
in regard to diastolic function, these findings strongly
support our results. Therefore we would like to emphasize
that the suppression of fibrosis improved the RV diastolic
function.

The hemodynamic assessment of cardiac performance of
a hypertrophied right ventricle has not been established.

Various attempts have been made; however, it is still

necessary to perform cardiac catheterization to evaluate he-
modynamics, especially regarding diastolic function.?®%°
Leeuwenburgh and associates* showed that RV compliance
deteriorated in a lamb model and described 7 and EDPVR
values to be useful indicators for diastolic function. Gaynor
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FIGURE 5. RT-PCR for evaluation of neurchormonal factor gene expres-
sion. The results are expressed after normalization for GAPDH. HGF,
Hepatocyte growth factor; VEGF, vascular endothelial growth factor.
*P <05 (n=10).
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and coworkers? also showed an increase of EDPVR in a dog
model of PAB. The current results are consistent with these
reports. Therefore these data appear to be reliable.

On the other hand, the assessment of systolic function still
remains controversial. In this study we showed that ESPVR
(Ees) and PRSW were significantly increased in sham
groups, as previously reporced.30 However, Dell’Ttalia and
Walsh®! pointed out that in the assessment of RV contractil-
ity, the slope of ESPVR (Ees) was different from the slope of
the maximum time-varying elastance, which better reflected
the RV contractility than Ees. In addition to Ees, PRSW is
thought to be an optimal parameter of ventricular contractil-
ity. However, we might have to consider the discrepancy of
the cardiac mass between normal and hypertrophied hearts
because ventricular SW should be assessed as a per-unit car-
diac mass. We tried to calculate the PRSW divided for each
animal’s RV weight, which revealed there was no statistical
significance among the 3 groups (control vs sham vs MST
groups: 88.3 & 23.9 vs 71.5 &+ 31.3 vs 73.6 £ 28.8 mm
Hg/kg, Table 2). Hence it is hard to say that the RV pressure
load induced a further improvement in RV contractility.

We need further investigation to apply this method to
clinical RV failure because we did not ascertain the effect
of MST on RV systolic function. Nevertheless, enormous
fibrosis was seen in the sham group, and systolic function
was still compensated until the timing of hemodynamic eval-
uation. However, previous reports showed that MST had an
excellent effect on LV contractility.'*'® Therefore we ex-
pect that this method might become a novel and potentially
effective treatment strategy for patients with RV failure.

In conclusion, chronic pressure overload to the right ven-
tricle caused hypertrophy and impaired diastolic function in
rats. Skeletal MST attenuated diastolic dysfunction, which
was mainly caused by suppressed interstitial and endocardial
fibrosis. This method might become a novel strategy for the
myocardial regeneration of RV failure in patients with CHD
in the future.

We thank Mrs Masako Yokoyama for her expert assistance with
RT-PCR and Kazuhiro Takekita and Takeshi Miki for technical
support in creating the tissue-engineered skeletal MSs.
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Abstract Bone morphogenetic proteins (BMPs) can
induce bone formation in vivo when combined with
appropriate carriers. Several materials, including animal
collagens and synthetic polymers, have been evaluated as
carriers for BMPs. We examined alginate, an approved
biomaterial for human use, as a carrier for BMP-7. In a
mouse model of ectopic bone formation, the following four
carriers for recombinant human OP-1 (BMP-7) were tested:
alginate crosslinked by divalent cations (DC alginate),
alginate crosslinked by covalent bonds (CB alginate), Type
1 atelocollagen, and poly-D,L-lactic acid-polyethylenegly-
col block copolymer (PLA-PEG). Discs of carrier materials
(5-mm diameter) containing OP-1 (3-30 png) were
implanted beneath the fascia of the back muscles in six
mice per group. These discs were recovered 3 weeks after
implantation and subjected to radiographic and histologic
studies. Ectopic bone formation occurred in a dose-
dependent manner after the implantation of DC alginate,
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atelocollagen, and PLA-PEG, but occurred only at the
highest dose implanted with CB alginate. Bone formation
with DC alginate/OP-1 composites was equivalent to that
with atelocollagen/OP-1 composites. Our data suggest DC
alginate, a material free of animal products that is already
approved by the FDA and other authorities, is a safe and
potent carrier for OP-1. This carrier may also be applicable
to various other situations in the orthopaedic field.

Introduction

The repair capacity of human bone appears to depend on
different very complex processes, such as vascularization,
biomechanics, and topography. When damage is severe, as
occurs with comminuted fractures or large bone defects
after tumor resection, it is difficult for bone union to be
achieved [6]. In such cases, autologous or allogenic bone
grafting has been used. Autologous bone grafting is com-
mon and is still the gold standard, but has several
disadvantages, including a limited supply of suitable bone
and the risk of chronic pain, nerve damage, fracture, and
cosmetic problems at the donor site. Allografts have no
donor site problems, but there is the potential risk of dis-
ease or an immunologic reaction [10, 21]. For these
reasons, the use of bone substitutes such as calcium
phosphate-based porous ceramics has been increasing
[18, 33]. These bioceramics are highly biocompatible and
demonstrate osteoconduction, which is the ability to bind to
bone matrix directly. However, they have no osteoinduc-
tion, which is the ability to induce new bone formation at
ectopic sites.

Bone morphogenetic proteins (BMPs) belong to the
transforming growth factor superfamily, are known to elicit
new bone formation in vivo, and may play a leading role in
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bone tissue engineering [36, 38]. To date, three types of
BMP-based bone tissue engineering have been tried, which
are cell therapy, gene therapy, and cytokine therapy [27].
Cell therapy involves the transplantation of autologous
bone marrow mesenchymal cells after differentiation has
been induced by BMP, but considerable resources and time
are needed to culture the necessary cells [22, 34]. Gene
therapy involves the transduction of genes encoding BMPs
into cells at the site of damage [2, 7]. BMP-transduced cells
may work more efficiently, compared with a single dose of
recombinant cytokine therapy. However, gene therapy still
has unsolved problems such as tumorigenesis and immu-
nogenicity. Cytokine therapy involves the implantation of
BMPs together with a carrier material that acts as a drug
delivery system. We believe cytokine therapy is the most
promising of these three approaches in terms of practical
application. Cytokine therapy seems most convenient and
safe, but the cost is very high because a large amount of
BMP is required to achieve bone growth in humans. To
increase the cost effectiveness of BMP, an appropriate
carrier material is necessary.

Previous studies have indicated adequate in vivo new
bone formation cannot be obtained by simply injecting a
solution of BMP into the area where bone is needed [32].
For cytokine therapy, an appropriate carrier material is
needed that retains BMP and releases it slowly, while
serving as a scaffold for new bone formation [28, 29].
Several materials have already been evaluated as BMP
carriers, including collagen obtained from animal sources
[3, 11, 13, 31], synthetic polymers [14, 15, 19], tricalcium
phosphate {17], and other inorganic materials [16]. Atelo-
collagen is a well-established BMP carrier, and has already
been used clinically. PLA-PEG [20], one of the synthetic
polymers, has been reported as a potent carrier for BMPs
[23, 25, 26]. Although all of these materials can induce
bone formation at ectopic and orthotopic sites, none of
them has achieved widespread use because of disadvan-
tages, such as the potential risk of disease transmission,
fragility, stickiness, and difficulty in obtaining approval for
clinical use [1, 4, 5, 14]. We therefore focused on alginate,
which is already approved by the FDA for human use as a
wound dressing and food additive [8, 37].

Alginate is a water-soluble linear polysaccharide
extracted from brown seaweed that is composed of one to
four linked o-L-gluronic and B-D-mannuronic acid mono-
mers [9]. Gelation of alginate occurs as a result of
crosslinking by divalent cations or covalent bonds [30].
Therefore, two types of alginate wound dressing products
are available on the market and both effectively promote
wound healing by maintaining a moist environment. One is
an alginate crosslinked by divalent cations (DC alginate)
and the other is an alginate crosslinked by covalent bonds
(CB alginate).

@ Springer

To determine whether alginate can be a carrier for BMP,
we compared four materials as carriers for OP-1(BMP-7)
using the bone mineral content (BMC) measurement and
alkaline phosphatase (ALP) activity measurement of the
bone nodules ectopically induced by carrier materials/OP-1
composites. The four materials were DC alginate, CB
alginate, atelocollagen, and PLA-PEG. We hypothesized:
(1) BMC of bone nodules ectopically induced by DC
alginate/OP-1 composite and/or CB alginate/OP-1 com-
posite are equivalent or superior to those by atelocollagen
and PLA-PEG; (2) ALP activity of bone nodules ectopi-
cally induced by DC alginate/OP-1 composite and/or CB
alginate/OP-1 composite are equivalent or superior to those
by atelocollagen and PLA-PEG by radiographic appear-
ance and histology of the ectopic bone nodules; and (3) DC
alginate and/or CB alginate have appropriate in vitro
release kinetics of OP-1 equivalent to atelocollagen and
PLA-PEG.

Materials and Methods

To verify our first hypothesis, we designed the following
experiment (Experiment 1; Table 1). For each dose of
OP-1 (3, 10, and 30 pg), 24 4-week-old male ICR mice
were assigned to four equally sized independent groups
after they were housed and acclimatized in cages with free
access to food and water for 1 week. The four independent
groups were DC alginate group, CB alginate group,
atelocollagen group, and PLA-PEG group. The mice were
anesthetized by intraperitoneal injection of pentobarbital.
As reported previously [14, 15], carrier material/OP-1
composites were implanted beneath the fascia of the back
muscles on the left side (one composite per animal). The
experiment was designed under the assumption that the
justifiable difference (effect size) between the atelocolla-
gen group as a control and the other groups was 6 mg in
BMC and the standard deviation within each group was 3
from the result of the previous study [24]. For the experi-
ment to detect the difference at the 5% significance level
with 90% power in the one-way analysis of variance, the
necessary number of mice per group was six. Three weeks
after implantation, these mice were killed and ectopic bone
induced at the implantation site was harvested for further
evaluation, including BMC measurement, radiography, and
histological examination. The experimental protocol was
approved by the Animal Experiment Committee of Osaka
University, and the experiments were carried out in
accordance with the Osaka University guidelines for care
and use of laboratory animals.

To verify the second hypothesis, we repeated the
Experiment 1 and obtained radiographs and measured ALP
activity (Experiment 2; Table 1).
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Table 1. Study groups and experimental design

Experiments Carrier materials Dose of OP-1 n Examination

Experiment 1 DC alginate 3, 10, and 30 pg 18* BMC, radiography, histology
CB alginate 3, 10, and 30 pg 18* BMC, radiography, histology
Atelocollagen 3, 10, and 30 pg 18%* BMC, radiography, histology
PLA-PEG 3, 10, and 30 pg 18* BMC, radiography, histology

Experiment 2 DC alginate 3, 10, and 30 pg 18% Radiography, ALP activity
CB alginate 3, 10, and 30 pg 18% Radiography, ALP activity
Atelocollagen 3, 10, and 30 pg 18* Radiography, ALP activity
PLA-PEG 3, 10, and 30 pg 18* Radiography, ALP activity

*: n = 6, each dose.

The BMC of the harvested discs was determined by
dual-energy xray absorptiometry (DXA) using an animal
bone densitometer (PIXImus; Lunar Corp, Madison, WI)
and was expressed as milligrams per ossicle. Radiographs
were obtained with a soft xray apparatus (MX-20 Faxi-
tron®™; Torrex and Micro Focus Systems, Wheeling, IL).

To measure ALP activity, the harvested discs were
crushed, homogenized in 0.2% Nonidet® P-40 containing
1 mmol/L. MgCl,, and centrifuged at 10,000 rpm for
1 minute at 4°C. The supernatants thus obtained were
assayed for ALP activity with an Alkaline Phospha B-Test
Wako kit (Wako Pure Chemical Industries, Ltd, Osaka,
Japan) using p-nitrophenyl phosphate (p-NP) as a substrate.
The protein content was measured with a Pierce® BCA
protein assay kit (Thermo Fisher Scientific Inc, Rockford,
IL), and ALP activity was standardized by the protein
content and expressed as nmol p-NP/minute/mg protein.

After radiography and BMC measurement, the samples
were fixed in 10% neutral formalin, decalcified with
ethylenediaminetetraacetic acid (pH 7.4), dehydrated in a
graded ethanol series, and embedded in paraffin. One
section per group with the largest tissue area (5-pum thick)
were cut and stained with hematoxylin and eosin for
observation under a light microscope. The formation of
new bone, new bone marrow, degradation of the materials,
and inflammatory change were evaluated by a pathologist
(AM) and an orthopaedic surgeon (KN).

To verify the third hypothesis that DC alginate and/or
CB alginate have appropriate in vitro release kinetics of
OP-1, we incubated carrier materials/OP-1 composites in
centrifuge tubes containing 1000 pL phosphate-buffered
saline (PBS; Invitrogen, Carlsbad, CA) and kept for
21 days at 37°C. For each composite group, three samples
were examined. The PBS in the tubes was replaced every
2 days, and then 100 pL. was collected for assay after
24 hours. The amount of OP-1 was determined by mea-
surement with a commercial BMP-7 ELISA kit (R&D
Systems Inc, Minneapolis, MN) on days 1, 3, 7, 13, and 21
according to the manufacturer’s instruction.
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OP-1 (BMP-7 in a lyophilized 5% lactose formulation)
was provided by Stryker Biotech (Hopkinton, MA). OP-1
was dissolved in distilled water at a concentration of 2 ng/
pL. DC alginate (ARGODERM®; crosslinked by Ca®"),
CB alginate (KURABIO®), and atelocollagen (INSTAT®)
were purchased from Smith & Nephew (London, UK),
Koyo Sangyo Co, Ltd (Tokyo, Japan), and Johnson &
Johnson (New Brunswick, NJ), respectively. PLA-PEG
with a total molecular weight of 11,400 Da and a
PLA:PEG molar ratio of 51:49 was synthesized and pro-
vided by Taki Chemicals Co, Ltd (Hyogo, Japan).

To prepare carrier material/lOP-1 composites, sheets of
DC alginate, CB alginate, and atelocollagen were cut into
discs (5-mm diameter). Then 25 plL of a solution con-
taining 3, 10, or 30 pg OP-1 was added dropwise to each
disc, after which the discs were freeze-dried and stored at
—20°C until implantation into mice. All procedures were
carried out under sterile conditions.

PLA-PEG/OP-1 composites were prepared as described
previously [25]. Briefly, 10 mg of the polymer was lique-
fied in 50 pL acetone and mixed with 3, 10, or 30 ug OP-1.
Each mixture was evaporated to dryness to remove acetone
in a safety cabinet, fabricated into a disc-shaped implant,
and stored at —20°C until implantation into mice.

To verify the first and second hypotheses, we used one-
way analysis of variance (ANOVA), followed by a post
hoc Scheffe’s test. For each of these statistical analyses, the
data sets met the assumptions of normality (p > 0.15 by the
Jarque-Bera test [12]) justifying the use of parametric
models. All analyses were performed using the R software
program (Version 2.8.1;R Foundation for Statistical
Computing).

Results
With 3 pg OP-1, BMC of the new bone in the DC alginate

group was greater than that in atelocollagen group
(p = 0.0234) and PLA-PEG group (p = 0.0009). With
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30 pg OP-1, however, we observed no differences among
the DC alginate, atelocollagen, and PLA-PEG. On the other
hand, BMC of CB alginate group was very low compared
with the other groups (Fig. 1). The results suggest that the
BMC of DC alginate group was superior to those of
atelocollagen and PLA-PEG groups, especially with a low
dose of OP-1.

In the DC alginate group, ALP activity was high inde-
pendent of the OP-1 dose. With 3 pug OP-1, DC alginate/
OP-1 composites exhibited higher ALP activity than
atelocollagen group (p = 0.0071) and PLA-PEG group
(p = 0.0001) (by Scheffe’s test). ALP activity of the CB
alginate group was very low compared with the other
groups (Fig. 2). The results suggest that ALP activity of the
DC alginate group was superior to those of atelocollagen
and PLA-PEG groups, especially with a low dose of OP-1.

In the release study of OP-1, the maximum concentra-
tion of OP-1 in the supernatant was detected on Day 1,
followed by a steady decline. The decline of OP-1 levels in

Fig. 1 In each carrier material 50 -

the atelocollagen group was faster than that in the other
groups. In the DC alginate group, the decrease of OP-1
levels was the slowest and the concentration of OP-1 was
still higher than 200 ng/mL on Day 21 (Fig. 3). These data
suggested that DC alginate retains OP-1 and releases it
most slowly compared to atelocollagen and PLA-PEG.

In the additionally performed radiographic examination
of the bone nodules, obvious bone formation was only
detected in the DC alginate and atelocollagen groups with
3 ug OP-1 (Fig. 4A-D). In the CB alginate group, new
bone formation was observed only with 30 pg OP-1. The
results of the additionally performed histological exami-
nation were consistent with the radiographic findings. In
the DC alginate and atelocollagen groups, abundant new
bone formation that contained normal hematopoietic bone
marrow was observed even at low dose of OP-1. In the CB
alginate group, however, new bone formation was very
poor at low dose of OP-1. With 30 pg OP-1, irrespective of
the carrier materials, newly formed bone had a thin cortex
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Fig. 3 OP-1 release from each carrier material/OP-1 (30 pug) com-
posite was measured over time by a commercial BMP-7 ELISA kit.
With each carrier material, the maximum concentration of OP-1 was
detected on Day 1 and it decreased afterward. The decline was
slowest in the DC alginate group.

surrounding cancellous bone that contained hematopoietic
bone marrow, and no inflammatory change was observed
(Fig. 5A-D). These additional results were compatible
with the results of BMC and ALP activity, suggesting that
DC alginate can be an equivalent or superior carrier for a
low dose of OP-1 compared with atelocollagen and PLA-
PEG.

Discussion

Various materials have already been evaluated as carriers
for BMPs, but they all have some disadvantages as men-
tioned previously. This study was designed to examine
whether alginate, a material with no animal product content,
is an equivalent or superior carrier for OP-1(BMP-7) com-
pared with atelocollagen and PLA-PEG. Specifically we
hypothesized: (1) BMC of bone nodules ectopically induced
by DC alginate/OP-1 composite and/or CB alginate/OP-1
composite are equivalent or superior to those by atelocol-
lagen and PLA-PEG; (2) ALP activity of bone nodules
ectopically induced by DC alginate/OP-1 composite and/or
CB alginate/OP-1 composite are equivalent or superior to
those by atelocollagen and PLA-PEG; and (3) DC alginate
and/or CB alginate have appropriate in vitro release kinetics
of OP-1 equivalent to atelocollagen and PLA-PEG.

This study has several limitations. First, DC alginate
was originally approved for clinical use as a cutaneous
wound dressing [8, 37]. Therefore, its biodegradability and
immunogenicity are unclear during use at a deeper site.
Second, in the histological examination, DC alginate
remained at the center of the new ectopic bone, indicating
it had not degraded within 3 weeks. Although no inflam-
matory reaction was found, longer observation will be
necessary before this material can be used with confidence
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Fig. 4A-D The carriers for OP-1 tested were (A) DC alginate, (B)
CB alginate, (C) atelocollagen, and (D) PLA-PEG. Soft xray
photographs of ectopic bone induced by OP-1 (3, 10, or 30 pg)
show bone formation with the DC alginate/OP-1 composite is
equivalent or superior to that induced by the other carrier/OP-1
composites.

at deeper sites. Third, ALP activity is a marker for osteo-
blastic differentiation, and is high in the early stage of
osteoblast lineage. ALP activity is not necessarily parallel
to the activity of bone formation. Fourth, in the release
study, a commercial BMP-7 ELISA kit can only detect the
amount of BMP-7(OP-1) protein, but cannot evaluate the
activity of OP-1. The result of a release test may not reflect
the actual activity of OP-1 released from carriers in vivo.

To determine whether DC alginate and/or CB alginate
are equivalent or superior carriers for OP-1 compared with
atelocollagen and PLA-PEG, we measured BMC of ectopic
bone nodules as a primary research question. A previous
study [24] reported that BMC of the ectopic bone induced
by PLA-PEG/BMP-2 composite is about 6 mg higher than
that by atelocollagen/BMP-2 composite. In our study, the
BMC of DC alginate/OP-1 (3 pg) composite was about
6 mg higher than that of the atelocollagen/OP-1 (3 png)
composite and even much higher than that of CB alginate
and PLA-PEG. The result of BMC measurement suggested
that DC alginate is a highly effective carrier that enhances
the bone-inducing effect of OP-1 even when OP-1 content
is low.

The result of ALP activity measurement was compatible
with the result of BMC, which reinforced the hypothesis
that DC alginate is an equivalent or superior carrier com-
pared with the other materials. Upon histological
examination, not only trabecular bone but also normal
hematopoietic bone marrow was observed, and we found
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Fig. SA~-D Representative photomicrographs of the ectopic bone
formation induced by OP-1 (30 pg) are shown (A, Al: DC alginate;
B, B1: CB alginate; C, C1: atelocollagen; D, D1: PLA-PEG) (A-D:
stain, hematoxylin and eosin; original magnification, x10; scale

no accumulation of inflammatory cells, such as monocyte/
macrophages. The histological appearance of the ectopic
bone induced by DC alginate/OP-1 composite seemed
similar to that by atelocollagen/OP-1 composite, which is
considered a safe biomaterial in terms of immunological
response. These data suggested that DC alginate appears
likely a safe material with no inflammatory response even
when used in a deep site.

In contrast, CB alginate achieved relatively poor bone
formation, especially with a low dose of OP-1. DC alginate
and CB alginate only differ in the mode of crosslinking, but
the release of OP-1 from these two alginates was quite
different. It is known crosslinking by divalent cations
forms a characteristic egg box structure that is suitable for
trapping proteins in alginate [9]. Thus, the difference of
bone formation between these two types of alginate may be
partly due to a difference in their ability to retain OP-1 and
release it slowly. It is also known the number of carboxyl
residues in DC alginate is larger than that in CB alginate.
The carboxyl residues induce apatite nucleation followed
by the deposition of hydroxyapatite crystals on the alginate
[35]. Furthermore, the Ca®* contained in DC alginate can
be utilized for new calcified bone, which is an advantage
compared with CB alginate.
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bar = 2 mm; Al-D1: stain, hematoxylin and eosin; original magni-
fication, x100; scale bar = 200 pm). Irrespective of the carrier
material, the newly formed bone had a thin cortex surrounding
cancellous bone that contained highly cellular bone marrow.

In conclusion, our data suggest DC alginate, a material
with no animal product content that is approved by the FDA
and other authorities, is a safe and potent carrier for OP-1. It
is of note that DC alginate strongly potentiates osteoinduc-
tion of OP-1 even at a low dose. Thus, its use may reduce the
cost of OP-1-based bone regeneration therapy.
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