H. Toyoda et al. / Bone 37 (2005) 555—562 557

pl or 5 pg/5 pul) or thBMP-2 and ONO-4819 solution (3
ug/3 ul, 30 pg/3 ul, 300 pg/3 pl) and then fabricated into
a disc (6 mm diameter, Fig. 2). In summary, 0, 3, 30, or
300 pg of ONO-4819 was mixed with the polymer plus 5
ug of thBMP-2 and implanted into mice in each group (5
mice in each group and 1 implant/mouse). To examine
the effects of ONO-4819 alone, 30 pg/8 pl was added to
the polymer without thBMP-2. All procedures were
carried out under sterile conditions. The implants were
stored at —40°C in a freezer until required for implanta-
tion.

Experimental design

To examine the dose-dependent effects of the EP4
receptor agonist on ectopically induced bone formation by
rthBMP-2, 50 mice were divided into 5 groups (10 mice
per group). The mice were anesthetized by diethyl-ether
gas inhalation, and the PLA-DX-PEG polymer discs
prepared as described above were surgically implanted into
the left dorsal muscle pouches (one pellet per animal) of
the mice. In group 5, polymer discs containing 30 pg of
ONO-4819, but no thBMP-2, were implanted in the same
manner.

1. 5 pg of thBMP-2 per animal

2. 5 pg of thBMP-2 and 3 pg ONO-4819 per animal

3. 5 ug of thBMP-2 and 30 pg of ONO-4819 per animal

4.5 pg of thBMP-2 and 300 pg of ONO-4819 per
animal

5. 30 ug of ONO-4819 per animal

At 1, 2, and 3 weeks after surgery, the body weight
of each mouse was measured and recorded. Three
weeks after surgery, the mice were sacrificed, and the
implants were harvested and processed for histological
analysis following morphological and radiological
examination.

Radiological and histological analyses for rhBMP-2
induced ectopic bone

All harvested tissues were radiographed with a soft X-
ray apparatus (Sofron Co., Ltd., Tokyo, Japan). The bone
mineral content (BMC) (milligrams per ossicle) of each
ossicle was measured by dual-energy X-ray absorptiometry
(DXA) using a bone mineral analyzer (DCS-600EX, Aloka
Co., Tokyo). The ossicles or tissue mass from each group
was then fixed in neutralized 10% formalin, decalcified
with K-CX (Fujisawa Pharmaceutical Co., Ltd. Japan),
dehydrated in gradient ethanol series, and embedded in
paraffin wax. Sections of 3 pum thickness were cut, stained
with hematoxylin—eosin, and observed under a light
microscope.

Bone metabolic markers in mice

To investigate the anabolic effects of ONO-4819 on
systemic bone metabolism, an additional 60 mice were
divided into 3 groups as follows: sham-operated mice that
received sham operation and lacking implants (10 mice per
group), group 1: 5 pg of thBMP-2 per animal (5 mice per
group) and group 3; 5 pg of rhBMP-2 and 30 pg of ONO-
4819 per animal (5 mice per group). Blood samples were
collected from mice of each group at 1, 2, and 3 weeks. The
samples were stored at —80°C until biochemical analysis.
Serum osteocalcin was measured by immunoradiometric
assay (IRMA) using a commercial kit (Immutopics, Inc.
San Clemente, CA) according to the manufacturer’s
instructions. Total alkaline phosphatase (ALP) activity,
calcium (Ca), and phosphate (P) in serum were also
measured in each group with commercially available kits.

Statistical analysis

Data are presented as mean = SE. The degree of
significance was determined by post hoc testing using the

Fig. 2. PLA-DX~PEG polymer disc. Photograph of 6-mm-diameter PLA—DX~PEG polymer disc. The polymer has a hard sticky gel-like property at room

temperature and softens when heated to 50°C.
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Bonferroni method. An associated probability (P value) of
<0.05 was considered significant.

Results
Body weight changes in animals

In our previous experiments, mice that received systemic
injection of an excessive dose (100 pg/kg) of ONO-4819
every 8 h for 3 weeks showed a significant decline in body
weight gain. In the current experiments, no significant
difference in body weight gain was noted among the groups
that received implants with or without local release of ONO-
4819 (Fig. 3).

Radiological and histological evaluations

Pieces of hard tissue were harvested from the implantation
sites of mice from groups 1, 2, 3, and 4 at 3 weeks after
implantation. In group 5 (ONO-4819, 30 ng without BMP-2),
no evidence of hard tissue formation was found at the
implantation sites. On soft X-ray radiogramns, the calcified
samples retrieved from the mice revealed a trabecular
network encased within a shell-shaped bone layer (Fig. 4).
Histological sections of these samples showed normal
characteristics of bone with trabeculae and hematopoietic
marrow in the inter-trabecular space, findings that were also
common to ossicles from groups 1, 2, 3, and 4. (Fig. 5)
Radiological images indicated that the ossicles from group 3
(thBMP-2, 5 pg + ONO-4819, 30 ug) and 4 (thBMP-2, 5 g +
ONO-4819, 300 pg) were larger than those observed from
control group 1 (thBMP-2, 5 ug without ON0-4819).

On DXA analysis, the bone mineral content (BMC) of
the ossicles containing ONO-4819 increased in a dose-
dependent manner (3, 30, and 300 pg groups were 9.36 =
1.89 mg, 1421 + 1.27 mg, and 18.75 = 2.31 mg,
respectively) Ossicles from group 1 mice (without ONO-
4819) had a BMC of 6.52 + 0.80 mg. In terms of BMC, the
values of groups 3 and 4 were significantly higher than
those of group 1. The mean BMC value of group 4 (BMP-2,
5 ug + ONO-4819, 300 ng) ossicles was approximately 3
times higher than that of the control group (Fig. 6).
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Fig. 3. Body weight. No significant difference in body weight was noted
among the groups with implants with or without ONO-4819.

Group 1

Group 2

Group 3

Group 4

Fig. 4. Radiographic findings. Soft X-ray photograph of the ossicles
harvested at 3 weeks after implantation (bar = 5 mm). A typical implant
from each group is shown {groups 1, 2, 3, and 4). Both the radio-opaque
areas and radiological densities of the ossicles on the radiogram were larger
in groups 3 and 4 than in control group 1.

Serum osteocalcin and ALP activity assay

At | week, both serum osteocalcin (299.8 + 24.4 ng/mi)
and ALP activity (495.2 = 32.0 TU/I) levels significantly
increased in group 3 compared to the sham-operated
animals (osteocalcin 208.6 = 25.6 ng/ml, ALP activity
356.0 £ 39.8 IU/M). At 2 weeks, serum ALP activity (439.0 £
76.8 IU/) levels had increased significantly when compared
to the sham-operated animals (ALP activity 313.2 + 12.1 IU/
1) (Fig. 7A). However, there were no significant differences
among the groups at 3 weeks after implantation (Fig. 7B). In
addition, there was no significant increase in serum calcium
and phosphate level among them at any time point (data not
shown). No significant changes in serum osteocalcin and
ALP levels from the baseline were recorded in the groups
that received implants containing ONO-4819.

Discussion

Based on these data, EP4A was examined for its ability to
enhance BMP-induced bone formation and improve
thBMP-2 performance. In our previous study, systemic
subcutaneous injections of the EP4A (ONO-4819) for 3
weeks increased bone mass induced by rhBMP-2 and
caused a decline in body weight gain in the experimental
animals [13]. To achieve the anabolic action and avoid the
systemic adverse effect, low doses of the drug were added to
the degradable polymer carrying the rhBMP-2 and
implanted into the host mice. In this study, in a very
encouraging response, ONO-4819 significantly increased
the BMP-induced bone mass in dose-dependent manner
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Fig. 5. Histology. Histological sections of the ossicles at 3 weeks after implantation are shown (hematoxylin—eosin stain; original magnification x40). (A)
group 1: 5 pg of thBMP-2, (B) group 2: 5 ug of rhBMP-2 and 3 pg of ONO-4819, (C) group 3: 5 pg of hBMP-2 and 30 pug of ONO-4819, (D) group 4: 5 g of
rthBMP-2 and 300 pg of ONO-4819. New bone formation with hematopoietic marrow and bony trabeculae was visible in the thBMP-2-induced ossicles. In
groups 3 and 4, there were visible increases in the number and thickness of bony trabeculae when compared to the ossicles from group 1.

without significant body weight loss. The total dose of
ONO-4819 required for a doubling of the BMP-induced
bone mass was reduced when compared to the dose required
using consecutive systemic administration (3 injections/day
for 3 weeks) of the drug.

Enhanced bone formation by systemic administration of
the EP4A over an experimental period of 3 weeks was
essentially reproduced by the local release of the agent over
the first week following implantation. This is the period
when young mesenchymal cells most likely migrate,
proliferate, and infiltrate the BMP/polymer composite
implants before new bone formation gets underway

25 ¢
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Fig. 6. Bone mineral content. The bone ineral content (BMC) of the
ossicles at 3 weeks after implantation. BMC of ossicles was dose-
dependently higher in groups 2, 3, and 4 than those in the group 1. Data
expressed as mean * SE. *Significantly different from controls ( P < 0.05).

[7.9,10]. It is possible that these young mesenchymal cells
were responsible for the bone formation enhanced by EP4A.
Therefore, a low dose of the EP4A, ONO-4819, delivered
locally and concurrently with thBMP enhanced new bone
formation and significantly increased bone mass. The
effective period of local release of the EP4A is not greater
than 2 weeks based on the degradation rate of the polymer
[9,10]. Therefore, one possible explanation for the bone
mass increased by EP4A is that EP4A works first in
osteoblast precursors with a potential for chondro-osseous
differentiation in the early phase of the bone-forming
reaction. In the previous study, due to identifying the time
phase when ONO-4819 exerts its pharmacological effects,
EP4A was systemically administered for 1 week over pre
(—1-0 week), initial (0~1 week), middle (1-2 week), or
late (2~3 week) phase, respectively. The anabolic effects
of EP4A were seen in mice that received EP4A exclusively
in the initial phase. This result might also indicate that
EP4A and BMP work cooperatively to stimulate osteo-
blastic differentiation in its early stage at the interface to
the BMP-retaining pellets. Previous in vitro studies support
our consideration. Suda et al. reported that EP2/EP4 seems
to be involved in osteoblastic differentiation, and EP1/EP3
is likely to be associated with their proliferation [35].
Weinreb et al. described that PGE, stimulates osteoblastic
differentiation through an anabolic effect in rat bone
marrow cultures mediated by activation of EP4, probably
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Fig. 7. Serum osteocalcin and ALP. Serum osteocalcin and ALP levels. (A) Serum osteocalcin and total ALP activity from group 3 with thBMP-2 and ONO-
4819 pellets were significantly increased compared to the sham group at 1 week. Total ALP activity from group 3 with rhBMP-2 and ONO-4819 pellets was
significantly increased compared to the sham group at 2 weeks. (B) There were no significant differences in serum osteocalcin and ALP levels among the

groups at 3 weeks after implantation.

by recruiting noncommitted osteogenic precursors [36,37].
Yoshida et al. described that PGE, induced the expression
of core-binding factor alpha-1 (Runx2/Cbfal) and
enhanced the formation of mineralized nodules in a culture
of bone marrow cells from wild-type mice, both of which
were absent in a culture of cells from EP4 knockout mice.
EP4 activation increased the number of Runx2 positive
cells [30]. EP4 exerts this effect by inducing osteoblast
differentiation. On the other hand, several studies indicate
that EP4 is essential for PGE;-induced bone resorption.
Suzawa et al. described that, in mouse calvaria cultures,
EP4A markedly stimulated bone resorption, and in calvaria
culture from EP4 knockout mouse, a marked reduction in
bone resorption to PGE, was found. EP4A induced cAMP
production and the expression of osteoclast differentiation
factor mRNA in osteoblastic cells [27]. Stimulation of
osteoclastogenesis in cocultures of osteoblasts and spleen
cells in response to PGE, is markedly decreased when the
osteoblasts are derived from cells lacking the EP4 receptor
[26—-29]. These in vitro studies indicate that PGE,-EP4
signaling works first in osteoblast precursors to induce
osteoblast for bone formation and then works in mature
osteoblasts to induce osteoclasts on newly formed bone.
Further studies are required to elucidate the detailed
mechanism of action of the EP4 receptor agonist in in
vitro systems using less differentiated osteogenic cells.
The anabolic effect of PGE, on bone was exhibited
through the activation of EP2 or EP4 and consequent
elevation of intracellular cAMP level [23]. In this respect,
the action of an EP4 agonist may be similar to that of PTH,

PDE-4, which also promotes bone formation and inter-
cellular cAMP accumulation. Daily subcutaneous injection
of parathyroid hormones (PTH) is known to enhance
systemic bone formation, and daily systemic injection of
phosphodiesterase-4 (PDE-4)-selective inhibitor, rolipram,
can enhance BMP-2-dependent ectopic new bone forma-
tion in mice [11,38]. Although the detailed mechanisms of
cAMP signal on bone formation have been unclear, these
results might indicate that cAMP functionally has a key
role in the regulation of the BMP action in osteoblast
differentiation, and further studies are required.

Another possible mechanism of the anabolic effect of
EP4A on the BMP-induced bone formation comes from
studies involving cyclooxygenase-2 (COX-2). Zhang et
al. showed the complementary effect of BMP-2 in a bone
marrow cell culture from COX-2 knockout mice and
suggested that BMP-2 is a target gene for PGE,-induced
bone formation [39]. Chikazu et al. reported that BMP-2
transcriptionally induces COX-2 expression, which in tum
regulates, via the Runx2 binding site, production of PGE,
and promotion of osteoblastic differentiation [40]. These
results indicate that BMP and PGE,; might have
complementary or cooperative anabolic effects on mes-
enchymal cells to stimulate the early phase of osteoblastic
differentiation.

Potent bone anabolic activity of EP4A is expected from
clinical application for fractures and bone defects in
patients. Development of a more effective way of exposing
responding cells and tissues to EP4A is likely to be needed
for cost effectiveness, clinical efficacy, and long-term safety.
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In cases with a longer fracture healing time, such as in
humans, a carmrier might be necessary for the sustained
release of EP4A to be effective. The property of this
polymer would allow retention of thBMP-2 for a period that
is significant to elicit new bone formation and thereby
provide a scaffold for further bone growth. Retention of the
proteins at the implantation site for a sufficient period to
promote progenitor cell migration and cell proliferation has
been shown to enhance osteoinductive activity. Our results
show that local administration of ONO-4819 using PLA—
DX~PEG polymer can mimic the local bone anabolic effect
of PGE, without an excessive dose. The ability to deliver a
molecule so that it will induce a specific biologic effect is
critical to the success of pharmacological agent therapy.

In conclusion, a new EP4 receptor agonist compound
(ONO-4819) can enhance the bone-inducing activity of
rthBMP-2 when administered using a local polymer-based
carrier with no apparent systemic adverse effects. This
compound may be a useful tool for enhancing the perform-
ance of thBMP-2. This could have a significant impact on
the costs associated with using this therapeutic cytokine for
bone regeneration and repair in clinical practice. Further
safety checks are required before ONO-4819 can be used for
this purpose.
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Anterior or posterior fusion with autogenous bone graft-
ing is a routine method for the treatment of spinal disor-
ders associated with spinal instability resulting from de-
generative changes, tumor resection, or trauma to the
spine. To restore permanent stability of the spine, local
new bone formation bridging the neighboring unstable
vertebrae is essential. Autogenous iliac bone grafting is
commonly used to promote bone formation. However,
autogenous bone grafting is limited by some issues that
remained unsolved. These are physical or cosmetic mor-
bidities such as acute and chronic pain or dysesthesia, the
potential risk for wound infection, extensive skin scar-
ring, and deformity at the donor site.’* In addition, the
limited available mass of graft bone is also a disadvan-
tage. To overcome these issues, new methods or materi-
als that can substitute for the autogenous bone grafts
have been desired. Allogeneic bone graft or banked bone
is one of the alternatives that have been considered.
However, banked bone has less osteogenic potential
than autograft, and there is a potential risk for immuno-
logic reaction from hosts and disease transfer to host
with this material.>** Biomaterials such as hydroxyapa-
tite and bioactive ceramics also have been tested as bone-
graft substitutes to avoid the potential risks arising from
the use of allografts. Unfortunately, materials with os-
teoconductive potential but no osteoinductive capacity
cannot substitute for autograft. Therefore, new materials
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with a potent osteoinductive capacity are required to
avoid the disadvantages of autograft and to secure en-
hanced new bone formation for solid spinal fusion.

To manufacture an osteoinductive artificial bone graft
substitute, cytokines retaining osteoinductive activity
(bone morphogenetic proteins, BMPs) have been com-
bined with biocompatible implant materials and used to
obtain spinal fusion in experimental animals or in lim-
ited number of human cases.>™’5 To elicit the BMP-
induced bone formation, a carrier material that delivers
BMP slowly to the target cells is essential. As a carrier
material, animal-derived collagen has been used rou-
tinely both in animal experiments and in clinical settings
despite the potential risks for immunologic reaction in
the host and transfer of diseases such as bovine spongi-
form encephalopathy (BSE).'%'” To avoid those risks,
we synthesized biodegradable polymers which work
more effectively as the carrier for BMP-2 in i# vivo con-
ditions than bovine-derived collagen.'®!? By use of this
BMP delivery system, critical size defects in the long
bones of rabbits and dogs were repaired successfully.
New bone formation was achieved with these new po-
rous solid biomaterials, which remained unresorbed in
hosts.??%!

In this study, we attempted to achieve posterolateral
intertransverse process spine fusion in the rabbit model
by use of a biodegradable polymer and 8-TCP composite
as a delivery system for BMP. In this system, a successful
outcome would be bone formation and the complete re-
sorption of the carrier materials at the implanted sites.

B Materials and Methods

rthBMP-2. thBMP-2 was produced at Genetics Institute (Cam-
bridge, MA) and donated to us through Astellas Pharma Inc.
(Ibaraki, Japan).

PLA-DX-PEG Polymer. Poly-D,L-lactic acid with a random
insertion of p-dioxanone/polyethylene glycol block copolymer
(PLA-DX-PEG, MW; 12,400, LA/DX/EQ molar ratio; 42:14:
44), was provided by Taki Chemical (Kakogawa, Japan). The
chemical formula of the PLA-DX-PEG is shown in Figure 1. We
have reported that this polymer worked effecrively as a carrier
for thBMP in previous studies. Details of the physicochemical
characteristics and efficacy as a carrier material for rhBMP-2
have been reported elsewhere.’®'? The minimal efficacious
content of thBMP-2 in the synthetic polymer required to elicit
new bone formation in rabbits was approximately 0.02%.2°

B-TCP Powder. B-TCP powder (less than 100 pm in diame-
ter of particles) was manufactured and provided to us by Olym-

pus Biomaterial (Tokyo, Japan).

Preparation of New Bone Graft Substitute Implants. To
prepare one implant (Figure 2A) to bridge LS and L6 transverse

HA{-O-CH(CH,)-CO-}, (-0-CHy-CHy-0-CH,-CO-,-0-(-CHy-CHy-0-3,--0G-CHy-O-CHy-CH-0-),-(-OC-CH(CH, 104} H

PLA-DX Random polymer segment  PEG Segment

Figure 1. Structural formula of PLA-DX-PEG. The subscripts m, n,
0, p, q represent variable number of units.

PLA-DX Random polymer segment

Figure 2. A, Prepared B-TCP dough implant. B, 8-TCP dough was
placed on the L5-L6 intertransverse region.

processes on one side, 300 mg of B8-TCP powder, 300 mg of
PLA-DX-PEG, and 3 dosages of rhBMP (7.5, 15, or 30 ug)
were mixed and stirred with a metal rod at 50°C for several
minutes. The resultant dough was then cooled and fabricated
by hand to resemble a rod. The hardened rods were stored at
—30°C until implantation. As control implants, 300 mg of
B-TCP powder and 300 mg of PLA-DX-PEG without rhBMP-2
was prepared in the same manner.

Surgery and Experimental Protocols. Twenty-seven New
Zealand white rabbits (age, 1-2 years-old; weight, 3.5-4.5 kg)
were divided randomly into five groups depending on the ma-
terial o be implanted into the intertransverse process space.
Before surgery, the animals were anesthetized with an intra-
muscular injection of ketamine (30 mg/kg) and xylazine (10
mg/kg). Cefazolin (100 mg) was administered subcutaneously
as a prophylactic antibiotic. Each rabbit underwent surgery for
a single level posterolateral intertransverse process fusion at
L5-L6.” A dorsal midline skin incision was made, followed by
two paramedian fascial incisions. The intermuscular plane be-
tween the multifidus and longissimus muscles was retracted to
expose the transverse processes of L5 and L6 and the inter-
transverse membrane. An electric-driven burr (Stryker,
Kalamazoo, MI) was used to decorticate posterior cortex of the
respective transverse process, and one of the implant or trans-
plant materials listed in Table 1 was implanted (Figure 2B). The
wounds were then closed with 3~0 absorbable and 3-0 nylon
sutures. Cefazolin (100-mg once daily) was administered to the
respective animal subcutaneously for 3 days after surgery. The
anmimals were killed by overdose of anesthetics at 6 weeks after
surgery, and the L4-L7 lumbar spines were harvested and pro-
cessed for further examination. This protocol was approved by
the Institutional Committee for Animal Care and Experiments
of Osaka City University Medical School.

Radiographic Evaluation. The L5-L6 spines from each
group animals were examined by posteroanterior plain radio-

Table 1. Implant Assignement

Concentration
rhBMP-2 B-TCP PLA-DX-PEG  of rhBMP-2
Group {ng) {mg) {mg) (wt%) n
BMP 30 30 300 300 0.005 5
BMP 15 15 300 300 0.0025 6*
BMP 7.5 75 300 300 0.00125 5
BMP 0 0 300 300 0 6*
Autogenous bone Autogenous iliac bone graft {1-1.5 g) 5

* Each one is for histological evaluation.
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Figure 3. Representative pos-
teroanterior radiographs of rab-
bit spines in the BMP 30 group,
immediately after surgery (A), at
2 weeks (B), at 4 weeks (C), and
at 6 weeks (D). In the radiograph,
a remarkable fusion mass is vis-
ible between the L5-L6 trans-
verse process at 6 weeks.

graphs and computed tomographic (CT) scans (GE Yokogawa
Medical System, Tokyo, Japan) sequentially at 2, 4, and 6
weeks after surgery. CT images of 2-mm slice thickness were
used to construct three-dimensional images. From the har-
vested lumbar spine samples, soft tissues were removed, and
plain radiographs and CT images were taken again. A radio-
logic evaluation for intertransverse process fusion was made by
three observers in a blinded fashion. Fusion was graded as solid
when two of the three observers agreed that the presence and
location of new bone formation were consistent with a success-
ful fusion outcome.

Manual Palpation. The harvested lumbar spines were man-
ually palpated by flexion and extension at the fusion level and
comparison with the adjacent level. Each motion segment was
graded as solid fusion or not solid.

Biomechanical Testing. Biomechanical testing to evaluate
the solidity of the L.5-Lé fusion site was performed by a three-
point flexion-bending test using a materials testing machine
(Instron 5882, Instron, Boston, MA). Three-point bending tests
were performed with a 30-mm intersupport distance and a 1
mm/minute head speed. The bending moment at 1.5-mm mid-
dle-span deflection was determined from the moment-
deflection curves.

Histologic Examination. The harvested specimens were
fixed in 10% formalin in neutral buffer solution and decalcified
in 10% formic acid solution, dehydrated in a gradient ethanol
series, and embedded in paraffin. Sections of 4-pm thickness at
the intertransverse process region were cut in a sagittal plane,
stained with hematoxylin and eosin, and observed under a light

microscope to examine for bony fusion between the newly
formed bone and the original transverse processes.

Statistical Analysis. Comparisons of biomechanical testing of
spines in each group were made using one-way analysis of
variance. The post hoc Sceffe test was performed to determine
significant differences between groups. Significance for all tests
was defined as P < 0.0S5.

B Results

Radiographic Evaluation

An opaque shadow of B-TCP was noted at the operated
site on radiographs immediately after surgery. Radio-
graphs at 6 weeks showed homogeneous calcified shad-
ows between the transverse processes in all animals of
the BMP15, BMP30, and in part of the BMP7.5 groups-
.(Figures 3-5) Representative three-dimensional CT im-
ages of each group are shown in Figure 6. Fusion assess-
ments in three-dimensional CT were difficult because the
images tend to overestimate the fusion mass. Results of
the evaluation from plain radiographs and three-
dimensional CT are shown in Table 2.

Manual Palpation
In all samples of the BMP 15 and BMP 30 groups, bony
hard masses at the intertransverse process were palpable,
and the passive motion between the vertebrae was signif-
icantly restricted when compared with that in control
samples. Two of the five samples from the BMP 7.5 and
autogenous bone groups, respectively, were evaluated as

Figure 4. Representative pos-
teroanterior radiographs of rab-
bit spines in the BMP 0 group,
immediately after surgery {(A),
at 2 weeks (B}, at 4 weeks (C},
and at 6 weeks (D). In the radio-
graph, no fusion mass between
the L5-L6 transverse process is
visible.
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Figure 5. Harvested lumbar spine
6 weeks after surgery. BMP30 (A),
BMP15 (B), BMP7.5 (C), BMPO (D),
autogenous bone (E).

solid fusion outcomes. In contrast, none of the samples
from the BMP 0 groups achieved solid fusion (Table 3).

Biomechanical Testing
The results from biomechanical testing in each of the
experimental groups are shown in Figure 7. The bending

moment at 1.5-mm middle-span deflection of the BMP
15 and BMP 30 groups were significantly larger than the
BMP O group. The mean values in the BMP30 and
BMP15 groups were higher than those from the autoge-
nous bone group and the control BMP 0 group.

Figure 6. Three-dimensional-CT
at 6 weeks after surgery. BMP30
(A), BMP15 (B), BMP7.5 (C),
BMPO (D), autogenous bone {E).
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Table 2. Fusion Rate in Radiclogical Assessments

Group Plain X-p Three-Dimensional CT
BMP 30 5/5 5/5
BMP 15 5/5 5/5
BMP 7.5 4/5 4/5
BMP 0 0/5 0/5
Autogenous bane 5/5 5/5

Histologic Examination

Lower magnification views of sagittal sections (hematox-
ylin and eosin staining) of fusion mass in animals that
received rhBMP-2 showed bone mass with peripheral
cortical bone bridging the transverse processes. Higher
magnification of the bridging bone mass revealed woven
bone and hematopoietic marrow. Tiny remnants of the
B-TCP powder were also recognized. However, the inter-
transverse region sampled in a spine that did not receive
rhBMP-2 revealed fibrous tissue and remnants of B-TCP
with no evidence of new bone formation (Figure 8).

B Discussion

The present study was designed to test a synthetic and
absorbable bone-graft substitute with osteoinductive
ability equivalent or superior to the autogenous bone
graft. The test was conducted in a critical bone defect
model wherein the successful outcome was a solid pos-
terolateral intertransverse process fusion. The results in
this study were satisfactory, and in all animals with
B-TCP (300 mg)/PLA-DX-PEG (300 mg) composite im-
plants with 15 or 30 pg of thBMP-2, solid spinal fusion
was obtained in 6 weeks. In the autogenous bone graft
group, new bone formation was consistently recognized
on radiographs, but in some specimens retrieved from
the rabbits, failure of fusion was noted during biome-
chanical tests. It is interesting to note that in some clinical
cases, the pseudarthrosis rate of posterolateral spine fu-
sion has ranged from 5 to 35%.%%%° These results are
encouraging and point to the need for further clinical
testing of this synthetic composite implant. The avoid-
ance of additional surgery to harvest graft bone and
thereby eliminate donor site morbidities is a potential
key benefit of this approach.

In considering the practical application of the thBMP
retaining implants, one of the remaining issues is the
extremely high dose of rhBMP required to elicit new
bone, especially in humans. Typically, several milligrams
of rhBMP are necessary for one level spinal fusion, and
this fact results in a high cost of the BMP-retaining im-

Table 3. Fusion Rate in Manual Palpation

Group Solid Fusion
BMP 30 5/5
BMP 15 5/5
BMP 75 25
BMP 0 0/5
Autogenous bone 2/5

400
300 4

200

Moment (Nm)

100 4

g -

Autlogenous
bone

BMPI0 BMPIS BMP7.5 BMPO

Figure 7. Results of three-point flexion bending tests for each
specimen. These results indicate the fusion sites of BMP 30 and
BMP 15 groups are stiffer than BMP 0 group. =, statistically
significant difference from BMP 0 group.

plant.® To reduce the cost, a more effective method to
deliver efficacious but lower doses of rhBMP-2 would be
desired. In previous experimental studies of the rabbit
posterolateral intertransverse process spine fusion
model, >100 pg of rhBMP-2 were required to achieve
the solid one-level spine fusion in § or 6 weeks. This was
accomplished by the use of either animal-derived colla-
gen sheets, hydroxyapatite with collagen, an open cell
polylactic acid polymer, or sintered bovine bone as the
delivery system for thBMP-2.%"%1%13 Interestingly, in
this study, the minimal effective dose of thBMP-2 was
significantly lower (15-30 ug) than the amounts used in
previous studies. Those prior experiments were not re-
produced in this study; therefore, a direct comparison of
the minimal effective dose of rhBMP is difficult. How-
ever, our results suggest an advantage of this new deliv-
ery system to reduce the effective dose of rhBMP for
spinal fusion. The use of B-TCP powder to construct the
bone-inducing implants provides three advantages; 1)
the addition of the B-TCP powder to the “sticky” PLA-
DX-PEG resulted in a dough-like material with easy han-
dling and molding characteristics, 2) a volume expansion
of the implant by addition of B-TCP powder, and 3)
resorption of the B-TCP powder by osteoclasts recruited
during the BMP-induced bone formation phase and dis-
appears after establishment of spinal fusion. In our pre-
vious study in mice, it was noted that the B-TCP granules
coated with the thBMP-2-retaining polymer (PLA-DX-
PEG) elicited ectopic new bone in situ at 3 weeks. B-TCP
encased within the ectopic ossicles was resorbed by a
large population of osteoclasts attached on the surface.”*
As expected in the current study, the B-TCP powder was
almost completely resorbed and replaced by new bone
with marrow on histologic findings at 6 weeks after sur-
gery.

In summary, a new bone-inducing and biodegradable
implant was produced by combining three synthetic ma-
terials (PLA-DX-PEG, rthBMP-2, and B-TCP). Postero-
lateral intertransverse process fusion was successfully
achieved in a rabbit model with this implant in 6 weeks.
The fusion rate appeared to exceed that obtained by au-
togenous bone grafting. These data provide support for
the use of this new biomaterial as a substitute for autog-
enous bone grafting. The avoidance of the need for and
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Figure 8. Hematoxylin and eosin
stained sagittal section of L5-L6
intertransverse region in BMP 15
(A,B) and BMP 0 (C,D) group.
New bone formation between
the L5-16 transverse process
(TP}, the cortical rim around fu-
sion mass, and tiny residual
B-TCP {arrow) was seen in BMP
15 group. The specimen from the
group that did not receive rh-
BMP-2 showed no new bone for-
mation between the L5-L6 trans-
verse process (A and C, x0.5, B
and D, x10).
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