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Abstract

Bone morphogenetic proteins (BMPs) are biologically active molecules capable of inducing new bone formation, and show
potential for clinical use in bone defect repair. However, an ideal system for delivering BMPs that can potentiate their bone-inducing
ability and provide initial mechanical strength and scaffold for bone ingrowth has not yet been developed. In this study, to construct
a carrier/scaffold system for BMPs, we combined two biomaterials: interconnected-porous calcium hydroxyapatite ceramics (IP-
CHA), and the synthetic biodegradable polymer poly b,L.-lactic acid—polyethyleneglycol block co-polymer (PLA-PEG). We used a
rabbit radii model to evaluate the bone-regenerating efficacy of rhBMP-2/PLA-PEG/IP-CHA composite. At 8 weeks after
implantation, all bone defects in groups treated with 5 or 20ug of BMP were completely repaired with sufficient strength.
Furthermore, using this carrier scaffold system, we reduced the amount of BMP necessary for such results to about a tenth of the
amount needed in previous studies, probably due to the superior osteoconduction ability of IP-CHA and the optimal drug delivery
system provided by PLA-PEG, inducing new bone formation in the interconnected pores. The present findings indicate that the
synthetic biodegradable polymer/IP-CHA composite is an excellent combination carrier/scaffold delivery system for rhBMP-2, and
that it strongly promotes the clinical effects of rhBMP-2 in bone tissue regeneration.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: BMP (bone morphogenetic protein); Hydroxyapatite; Drug delivery; Polylactic acid; Bone tissue engineering

1. Introduction

Bone defects due to tumor resection, trauma and
congenital abnormality are a great challenge to recon-
structive surgery. Autologous bone grafting is a popular
procedure, but it has many disadvantages such as
limited supply of suitable bone and persistence of pain,
nerve damage, fracture and cosmetic disability at the
donor site. There are no donor site problems with
allografting, but it involves risks of disease transmission
and immunological reaction [1]. For these reasons, it is
hoped that treatment with bone morphogenetic proteins
(BMPs), which belong to the transforming growth

*Corresponding author. Tel.: + 81-06-6879-3552; fax: + 81-06-6879-
3559.
E-mail address: t-kaito@leto.eonet.ne.jp (T. Kaito).

0142-9612/5 - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/).biomaterials.2004.02.010

factor (TGF) superfamily and are known to be capable
of eliciting new bone formation both orthotopically and
heterotopically in experimental animal models, can
provide an alternative to bone grafting [2-4]. Three
types of BMP-based bone tissue engineering have been
tried to date: cell therapy, gene therapy, and cytokine
therapy. Cell therapy involves transplantation of auto-
genous bone marrow mesenchymal cells differentiated
by BMP. Gene therapy involves transduction of genes
encoding BMPs into cells at the repair site. Cytokine
therapy involves recombinant BMP and carriers that
retain and release BMP as needed. Cytokine therapy is
considered the most promising of these approaches for
practical use [5].

In cytokine therapy, the drug delivery system should
not only promote effective biological activity but also
limit spatial spread of the cytokine as appropriate [6].
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Many materials have been evaluated as carriers for
BMP, including synthesized polymer, collagen, trical-
cium phosphate, and classical hydroxyapatite. Although
all of these materials can induce bone formation in
ectopic and orthotopic sites, they have not yet gained
widespread use because of disadvantages such as risk of
disease transmission, fragility, difficulty in handling,
lack of porous structures suitable for cell infiltration,
and limited supply [7-11].

Another important unresolved issue in BMP-based
bone regeneration is the amount of BMP necessary to
induce sufficient new bone formation in humans. For
example, due to differences in responsiveness to BMP,
humans respond to quantities in mg to induce new bone
formation, whereas mice, BMP quantities in pg is
sufficient {12,13].

To resolve these issues, the present delivery system
combines two biomaterials: a three-dimensional inter-
connected porous scaffold with initial mechanical
strength and bone conduction ability, and a biodegrad-
able synthetic polymer that provides sustained release of
BMP. The scaffold we chose was a fully interconnected
porous calcium hydroxyapatite ceramic (IP-CHA) that
we developed using a “foam-gel” technique. Previously,
we showed that TP-CHA has superior osteoconduction
ability [14]. The carrier we selected was poly D,L-lactic
acid—polyethylene glycol block copolymer (PLA-PEG),
which is reportedly an effective carrier material for
recombinant human BMP-2 (rhBMP-2) [15,16].

This report describes the bone-inducing effects of a
PLA-PEG/IP-CHA composite containing a small
amount of hBMP-2, in a rabbit radius segmental defect
model.

2. Materials and methods
2.1. Preparation of implants

Cylindrical pieces of IP-CHA (diameter, 4 mm;
height, 15mm) were provided by Toshiba Ceramics
Co., Ltd (Kanagawa, Japan). IP-CHA has a well-
organized interconnected structure with total porosity of
75% and average interconnection channel diameter of
40 um. Theoretically, more than 90% of the pores are
connected to channels with a diameter greater than
10 pm, allowing tissue invasion from pore-to-pore [14].

The rhBMP-2, which was produced at the Genetics
Institute (Cambridge, MA) and donated to us through
Yamamouch Pharmaceutical Co., Ltd. (Ibaraki, Japan),
was dissolved in a buffer (SmM glutamic acid, 2.5%
glycine, 0.5% sucrose, and 0.01% Tween 80) at a
concentration of 1pg/ul.

PLA-PEG with a total molecular weight of 11400 Da
and a PLA:PEG molar ratio of 51:49 was synthesized and
provided by Taki Chemicals Co., Ltd (Hyogo, Japan).

The polymer mass was liquidized in acetone and
mixed with 5 or 20 pg of rhBMP-2. Next, this mixture
was dropped onto the IP-CHA (Fig. 1A), and the
acetone was then removed by evaporation in a safety
cabinet to return the polymer to its native state.

2.2, Scanning eleciron microscopy (SEM)

To verify that the pore surface of IP-CHA was coated
by rhBMP-2/PLA-PEG homogenously, the implants
were cut into halves across the longitudinal axis and the
cut surface was observed with a scanning electron
microscope (JSM-6000F, Nihon Denshi Oyo Co., Ltd.,
Tokyo, Japan).

2.3. Animal experiment

Thirty New Zealand white rabbits weighing an
average of 3.5kg were used. The animals were anesthe-
tized using an intra-venous injection of 50mg pento-
barbital and 25mg xylazine hydrochloride, together
with a subcutaneous injection of 0.5ml of 1% lidocaine
with 0.01% epinephrine around the operative site. An
approximately 3-cm-long incision was made, and the
tissues overlying the distal diaphyseal radius were
dissected. A 1.5-cm segmental osteoperiosteal defect
was created in the radius with a mini-oscillating saw.
Ten animals each were implanted with rhBMP-2/-PLA-

Fig. 1. SEM photographs of IP-CHA before (A,B) and after (C,D)
PLA-PEG coating. Magnification: (A,C) x 100; (B,D)} x 5000. (A)
Large spherical pores (diameter, 100-200 pm) were divided by thin
walls and interconnected to one another. (B) Before PLA-PEG
coating, individual hydroxyapatite particles were clearly visible. (C)
After coating, at lower magnification, interconnecting channels were
still clearly visible. (D) At higher magnification, the boundaries
between individual hydroxyapatite particles became ambiguous.
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PEG/IP-CHA composite containing Spg (Spug BMP
group) or 20 pg (20 ug BMP group) of rhBMP-2. These
two groups were each subdivided into two subgroups
(n=>5), which were sacrificed at 4 and 8weeks after
implantation, respectively. In five animals (defect
group), nothing was implanted in the defect; these
animals were sacrificed at 8 weeks. In five animals (IP-
CHA alone group), IP-CHA without BMP/PLA-PEG
coating was implanted; these animals were sacrificed at 8
weeks. Animals were kept in the Institute of Experi-
mental Animal Sciences (IEXAS), Osaka University
Medical School, in accordance with the institutional
guidelines for care and use of laboratory animals.
Sacrifice was performed by overdose anesthesia, and
implanted forearms were harvested together with
surrounding tissues.

2.4. Radiographic examination and bone mineral density

({BMD)

All harvested tissues were fixed with 10% neutral
formalin and then radiographed with a soft X-ray
apparatus (MX-20 Faxitron, Torrex and Micro Focus
Systems, Wheeling, IL). BMD was determined by dual-
energy X-ray absorptiometry (DXA) using an animal
densitometer (PIXImus, Lunar Corp., Madison, WI). In
scans of the excised bones, the region-of interest (ROI)
was positioned over the whole implant area (IP-CHA)
on the anterior—posterior view, not including host bone
or bone that developed outside the implant. BMD was
determined using the image analysis software provided
with the instrument.

2.5. Microfocus-computed tomography (CT) and
mechanical evaluation

From four animals in each group, two 4-mm-high
discs were carved from the center of the cylindrical IP-
CHA blocks: one for CT and histological evaluation,
and the other for mechanical evaluation. Bone forma-
tion in IP-CHA pores was evaluated using a microfocus
CT system (MCT-CB100MF(Z); Hitachi Medical Cor-
poration, Tokyo, Japan). After fixation in 10%-buffered
formalin, each sample was scanned at intervals of 10 pm,
at 50kV and 200 pA. Analytical conditions were super-
precision mode and 7-times magnification, with an
image intensifier field of 1.81in. The radiodensity of the
newly formed bone on CT images was determined by
comparing the histological section with the correspond-
ing CT image. Then, the newly formed bone area on the
CT images was extracted, and its volume was measured
using the software package TRI3D-BON (Ratoc System
Engineering Co., Ltd., Tokyo, Japan). Compression
tests were performed using AUTOGRAPH AG-10KNI
(Shimadzu Corp., Kyoto, Japan), with a compression
speed of I mm/min. Testing was performed vertically
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towards the specimen, along the longitudinal axis of the
radius.

2.6. Histological evaluation

One of the five tissue samples from each group was
demineralized with 50% formic acid and 10% sodium
citrate, dehydrated through an ethanol series and
embedded in paraffin wax. Sections (thickness, 5um)
were cut, stained with hematoxylin and eosin, and
examined under a light microscope.

2.7. Statistical analysis

BMD, compressive strength, and bone volume were
compared between IP-CHA, BMP 5pg and BMP 20 ug
groups using ANOVA, followed by Turkey—Kramer test
post test. A P value of <0.05 was considered to indicate
statistical significance.

3. Results
3.1. Scanning electron microscopy

After PLA-PEG coating, pore surface and intercon-
necting channels of the composite were surveyed with a
SEM at x 100 (Fig. 1A,C) and x 5000 (Fig. 1B,D)
magnification. In original IP-CHA, at x 5000 magnifi-
cation, boundaries of individual hydroxyapatite parti-
cles were clearly visible (Fig. 1B). After PLA-PEG
coating, the boundaries became ambiguous, suggesting
that the thin PLA-PEG layer covered the entire surface
of the pores (Fig. 1D). At x 100 magnification,
interconnecting channels were still clearly visible after
PLA-PEG coating (Fig. 1A,C).

3.2. Radiographic evaluation

In the defect group, although a minimal amount of
new bone was observed at both ends of the defect at 8
weeks, the defect was not repaired, indicating that the
defect size was critical in this model. Similarly, in the TP-
CHA alone group, small areas at both ends of the
implant were radiopaque at 8 weeks, but radiolucent
lines were clearly visible between the implant and host
bone, suggesting non-union. In contrast, in both 5ug
and 20 pg BMP groups, the entire implant was highly
radiopaque at 4 weeks after implantation. In the 5Spug
BMP group, a small amount of radiopaque shadow was
observed outside the implant, mainly at the junctional
sites. In the 20 ug BMP group, a radiopaque shadow up
to 2mm thick covered nearly the entire implant. Eight
weeks after implantation, in both BMP 5 and 20pug
groups, the radiodensity of the implants had further
increased, and excess newly formed bone outside the
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implants had been remodeled to form a smooth repair
(Fig. 2). Table 1 summarizes the results of radiographic
evaluation. In both BMP groups, all implants showed
bilateral union and sclerotic change of the entire implant
by 4 weeks after surgery. However, in the IP-CHA alone
group, only two implants exhibited unilateral union and
none showed sclerotic change (Table 1).

3.3. Histology

Macroscopic appearance of the histological sections
was consistent with the findings of radiographic
examination. In both BMP groups, at 4 weeks after
implantation, almost all pores in the IP-CHA were filled
with trabecular bone and hematopoietic marrow. The
junctions between the implant and host bone were bony
fused, involving new bone formation outside the implant
and in the marrow cavity of the bone adjacent to the
implant. In the 20pg BMP group, prominent bone
formation covering almost the entire implant was
observed. The newly formed bone observed at 4 weeks
outside the implant and in the marrow cavity had

Fig. 2. Soft X-ray photographs. Defect group at 8 weeks after
operation (A). IP-CHA alone group at 8 weeks after implantation (B).
BMP 5 g group: at 4 weeks (C) and 8 weeks (D). BMP 20 pg group: at
4 weeks (E) and 8 weeks (F). In IP-CHA alone group, radiolucent lines
were clearly visible between the implant and host bone, and the
radiodensity of the implant had not increased at 8 weeks (B). In the 5
and 20pg BMP groups, radiopaque shadows were observed at
junctional sites, the entire implant was radiopaque at 4 weeks (C,E),
and the radiodensity had further increased at 8 weeks (D,F).

disappeared at 8 weeks, suggesting resorption of excess
new bone in remodeling. Interestingly, pores in the outer
part of the cylindrical implant were filled predominantly
by dense bone matrix like cortical bone, and pores in the
central part contained abundant hematopoietic marrow,
In contrast, in the IP-CHA group, little bone tissue was
found in the pores at both ends of the implants, and
most pores were filled with fibrous tissue at 8 weeks after
implantation (Fig. 3).

3.4. BMD

In both BMP groups, BMD had increased signifi-
cantly at 4 weeks after implantation. At 4 weeks, the
20pug BMP group had a higher mean BMD than the
BMP 5pg group. However at 8 weeks after implanta-
tion, probably due to remodeling (as indicated by soft
X-ray and histology), the BMP 5 and 20 pg groups had

Fig. 3. Low-power photomicrographs of defects: without treatment, at
8 weeks after surgery (A); treated with IP-CHA alone, at 8 weeks (B);
BMP 5Spug group, at 4 weeks (C) and at 8 weeks (D). High-power
photomicrographs of 5 pg BMP group at 4 weeks (C1,C2) and 8 weeks
(D1,D2) after surgery. At 4 weeks after surgery, almost all pores in the
IP-CHA were evenly filled with trabecular bone and hematopoietic
marrow (C2), and newly formed bone was found in the marrow cavity
of host bone (Cl). At 8 weeks after surgery, an interesting pattern was
observed. Pores in the outer part of the cylindrical implant were filled
with dense bone matrix, and pores in the center were filled with
abundant hematopoietic marrow (D2). Newly formed bone in the
marrow cavity was absorbed {(D1). mc, marrow cavity; 1C, IP-CHA.
Arrows indicate implant end (magnification: x 40).

Table 1
Summary of radiographic evaluation
Groups 4 weeks 8 weeks
Gain of opacity® Junction with bony Gain of opacity Junction with bony
union®(union/junction) union(union/junction)
IP-CHA alone 0/5 2/10
BMP Spg 5/5 10/10 5/5 10/10
BMP 20 g 5/5 10/10 5/5 10/10

2Number of implants that gained radiopacity.

®Each implants has two junctions between host bone. These data shows union junction per total junctions (10).

...80__.



T. Kaito et al. | Biomaterials 26 (2005) 73-79 77

almost the same mean BMD, which was about twice as
high as that of the IP-CHA group (Fig. 4).

3.5, Mechanical compression test

The initial breaking load of IP-CHA was approxi-
mately 100N. In the IP-CHA alone group, breaking
load did not increase until 8 weeks after implantation. In
contrast, in both BMP groups, breaking load steadily
increased until 8 weeks after implantation, and the final
strength was as high as about 800N. In both BMP
groups, at 4 and 8 weeks after implantation, breaking
load was significantly greater than the initial value.
There was no significant difference between the BMP
groups (Fig. 5).

3.6. Microfocus-CT evaluation

In both BMP groups, mineralized bone matrix newly
formed in the porous area of the ceramics was detectable
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Fig. 4. Bone mineral density of IP-CHA alone group and BMP 5 and
20pg groups was evaluated by dual-energy X-ray absorptiometry
(DXA) using a PIXImus animal densitometer. Each data point
represents an average and standard deviation (n=5).
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Fig. 5. Breaking load of IP-CHA alone group and BMP 5 and 20 ug
groups in compression strength test. Each data point represents an
average and standard deviation (n=4).
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Fig. 6. Bone volume in the pore area of IP-CHA was evaluated using
the software package TRI3D-BON (Ratoc System Engineering Co.,
Ltd., Tokyo, Japan) and the sectional data of the micro-CT image.
Each data point represents an average and standard deviation (n=4).

by microfocus CT at 4 weeks after implantation, and the
bone volume in the pores was maintained until 8 weeks
after implantation. At 8 weeks, in both BMP groups, bone
volume was significantly greater than in the TP-CHA
alone group. There was no significant difference in bone
volume in the pores between the BMP groups (Fig. 6).

4. Discussion

The present findings demonstrate that a PLA-PEG/
IP-CHA composite containing 5 or 20 pg of rhBMP-2
can induce new bone formation in pores and around the
implant, leading to complete repair of a critical-size
bone defect in rabbit radius with sufficient strength and
anatomical structure. Composite containing Spg of
rhBMP-2 achieved radiographic and histological union
at the junctional sites, and the implant gained radio-
density and sufficient mechanical strength. There was a
dose-response relationship of thBMP-2 at 4 weeks after
implantation: the higher dose produced superior bone
formation around the implant, compared to the lower
dose. However, at 8 weeks after surgery, the 5 and 20 ug
BMP groups had almost identical radiographic, histo-
logical and biomechanical findings. Biomechanically,
breaking load of the implant at 8 weeks after surgery
was about 800 N, which is almost equal to that of rabbit
radius. These findings suggest that PLA-PEG/IP-CHA
composite containing 5pug of thBMP-2 is sufficient to
repair a defect of this size. This dose of BMP is about a
tenth of the dose commonly used in previous reports
[17-19].

The two biomaterials we combined possess several
features that may contribute to the superior ability of
the present composite in repair of critical-size segmental
bone defects. The interconnected highly porous struc-
ture of IP-CHA, with interconnections averaging 40 um
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in diameter, allows efficient migration of bone-produ-
cing cells from pore to pore as well as invasion by
vascular vessels that is essential for new bone formation.
Because IP-CHA combines high porosity and high
strength, its three-dimensional structure is preserved
whole throughout the repair process, offering an
excellent scaffold for bone ingrowth, which apparently
facilitates excellent repair of size, shape and mechanical
strength. The polymer (PLA-PEG) used in this study is
biocompatible and biodegradable, with little inflamma-
tory potential; thus, it does not interfere with new bone
formation in the pores. When BMP/PLA-PEG is put in
water or implanted in vivo, it absorbs water to form a
hydrogel, and then degrades gradually and steadily.
During this degradation process, BMP is released from
the polymer steadily for about 3 weeks. Obviously, the
lack of bony repair in the IP-CHA alone group
demonstrates the importance of BMP in the repair
process, but there is also another factor that seems to
be important. Poly D,L-lactic acid-para dioxanone—
polyethyleneglycol block co-polymer (PLA-DX-PEG)
is reportedly an excellent carrier for rhBMP-2 in a mouse
model of ectopic bone formation [5,20]. PLA-DX~PEG,
when put in water, releases thBMP-2 for about 2 weeks.
However, in combination with IP-CHA, PLA-DX-PEG/
rhBMP-2 composite induces much less bone ingrowth
than PLA-PEG/rhBMP-2, which releases BMP-2 for
about 3 weeks (data not shown). These findings suggest
that the compatibility between scaffolding and BMP-
releasing properties of this polymer is another important
factor. The optimal combination may vary with factors
including implant size, species and local conditions. In
addition, swelling of PLA-PEG after absorption of tissue
fluid may stabilize the implant and help bone-producing
cells to migrate into the implant by filling the gaps
between host bone and implant [5,18].

5. Conclusion

This study demonstrated that the composite of PLA—
PEG synthetic co-polymer and interconnected porous
hydroxyapatite containing only 5Sug of thBMP-2 com-
pletely repaired a critical-size bone defect in rabbit radius
with sufficient strength and anatomical structure. Our
findings suggest that the combination of these biomaterials
potentiates the activity of rhBMP-2 in bone regeneration,
leading to a marked reduction of the required amount of
rhBMP-2 compared with previous reports.
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Abstract

Leptin has been suggested to mediate a variety of actions, including bone development, via its ubiquitously expressed receptor (Ob-Rb).
In this study, we investigated the role of leptin in endochondral ossification at the growth plate. The growth plates of wild-type and ob/ob
mice were analyzed. Effects of leptin on chondrocyte gene expression, cell cycle, apoptosis and matrix mineralization were assessed using
primary chondrocyte culture and the ATDCS cell differentiation culture system. Immunohistochemistry and in situ hybridization showed that
leptin was localized in prehypertrophic chondrocytes in normal mice and that Ob-Rb was localized in hypertrophic chondrocytes in normal
and ob/ob mice. Growth plates of ob/ob mice were more fragile than those of wild-type mice in a mechanical test and were broken easily at
the chondro-osseous junction. The growth plates of ob/ob mice showed disturbed columnar structure, decreased type X collagen expression,
less organized collagen fibril arrangement, increased apoptosis and premature mineralization. Leptin administration in ob/ob mice led to an
increase in femoral and humeral lengths and decrease in the proportional length of the calcified hypertrophic zone to the whole hypertrophic
zone. In primary chondrocyte culture, the matrix mineralization in ob/ob chondrocytes was stronger than that of wild-type mice; this
mineralization in both types of mice was abolished by the addition of exogenous leptin (10 ng/ml). During ATDC5 cell differentiation
cufture, exogenous leptin at a concentration of 1-10 ng/ml (equivalent to the normal serum concentration of leptin) altered type X collagen
mRNA expression and suppressed apoptosis, cell growth and matrix calcification. In conclusion, we demonstrated that leptin modulates
several events associated with terminal differentiation of chondrocytes. Our finding that the growth plates of ob/ob mice were fragile implies
a disturbance in the differentiation/maturation process of growth plates due to depletion of leptin signaling in ob/ob mice. These findings
suggest that peripheral leptin signaling plays an essential role in endochondral ossification at the growth plate.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Leptin; Growth plate; Endochondral ossification; ob/ob mouse; Bone chondrocyte differentiation

Introduction

Leptin, a 16-kDa protein encoded by the obese (ob) gene,
hormonally regulates food intake and energy expenditure by
negative feedback at the hypothalamic nuclei [1] Leptin is
expressed predominantly in adipose tissue of normal mice
and is absent in ob/ob mice, which are homozygous for the
ob mutation. Leptin is thought to act primarily at the

* Corresponding author. Fax: +81 6 6879 3559.
E-mail address: myoi@ort.med.osaka-u.ac.jp (A. Myoui).

8756-3282/% - see front matter © 2005 Elsevier Inc. All rights reserved.
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hypothalamus, where it has effects on appetite, energy
expenditure and neuroendocrine axes [2].

Recent studies show that leptin is produced in placenta,
skeletal muscle, fetal bone/cartilage and primary cultures of
human osteoblasts [3-6]. In addition to its effects on the
central nervous system, leptin reportedly exerts effects on
cells in peripheral tissues via high-affinity leptin receptors
[3-9].

Several reports show that leptin deficiency in humans
and mice leads to phenotypic abnormalities in skeletal
development, the endocrine system, the immune system and
the sympathetic nervous system [10—12]. A human with
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congenital leptin deficiency reportedly exhibited advanced
bone age, indicating abnormalities in bone development
[13]. Femora of ob/ob mice are shorter than those of wild-
type mice [8]. Linear growth occurs by endochondral bone
formation, in which epiphyseal growth plate chondrocytes
undergo an organized program of proliferation, maturation,
hypertrophic conversion and calcification [14—17}. Thus,
the available evidence indicates that leptin has an important
function in the growth plate and plays a key role in
endochondral ossification. However, there have been few
studies of the role of leptin in the regulation of endochondral
ossification in vitro or in vivo.

In the present study, we examined the growth plate
cartilage of long bones in ob/ob mice. In addition, we
analyzed the effect of leptin on chondrocytic differentiation
of in vitro using primary chondrocyte culture and murine
ATDCS5 chondrocytic cell line. The present results suggest
that leptin plays an important role in the regulation of
physiological processes of endochondral ossification in
growth plate cartilage.

Material and methods
Animals

Ob/ob mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). All mice were housed under
specific pathogen-free conditions with a 12-h light and dark
cycle. Intercrossing of heterozygous animals produced
homozygous ob/ob mice and wild-type mice. Under
anesthesia, 0.5 cm of the tail of each mouse was removed,
and genomic DNA was extracted from this material using a
DNA mini kit (Qiagen, Valencia, CA, USA). Genotyping
was performed using the method of Namae et al. [18]. The
housing, care and experimental protocol were approved by
the Animal Care and Use Committee of Osaka University.

Measurement of femoral and humeral length

Femora and humeri of 4-week-old wild-type (n = 10) and
ob/ob mice (n = 6) were radiographed and analyzed using
Scion Image software (Scion Corporation, Frederick, MD,
USA) to determine femoral and humeral length.

Immunohistochemistry and histological analysis

The femora, tibiae and humeri were removed, fixed in
4% paraformaldehyde (Merck, Darmstadt, Germany) in
phosphate-buffered saline (PBS, pH 7.4; Sigma, St. Louis,
MO, USA), decalcified in 20% EDTA, dehydrated through
an ethanol series, embedded in paraffin and then cut into
4-um sections. Immunohistochemistry was performed
using the streptavidin—peroxidase method with Histofine
SAB-PO kits and an aminoethyl carbazole (AEC) substrate
kit (Nichirei, Tokyo, Japan) according to the manufactur-
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er’s protocol. Tissue sections were deparaffinized, hydrated
in PBS and incubated in 3% H,0, in methanol for 20 min
at room temperature to block endogenous peroxidase
activity. After being washed in PBS, the sections were
preincubated with 10% normal serum from the same
species as the secondary antibody (to minimize back-
ground staining) for 20 min at room temperature. Sections
were then incubated with two different primary antibodies,
anti-leptin polyclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and anti-leptin receptor polyclonal
antibody (Santa Cruz Biotechnology) overnight at 4°C. After
washing in PBS, the sections were incubated with secondary
antibody for 20 min at room temperature. Sections were then
incubated with peroxidase-conjugated streptavidin for 20
min at room temperature and washed in PBS. Finally,
visualization was performed using AEC as a substrate. As a
control for immunostaining, normal serum from the same
species as the primary antibodies was used instead of the
primary antibodies.

In situ hybridization

A 500-bp leptin fragment and a 450-bp Ob-Rb fragment
were cut out and then inserted into pGEM-T easy plasmid
(Promega, Madison, WI, USA). The plasmid was linearized
with Ncol or Spel. Then, in vitro transcription and
digoxigenin labeling were performed to prepare sense or
antisense RNA probes, respectively, using the digoxigenin
RNA labeling kit (Roche Diagnostics, Lewes, UK).
Paraffin-embedded sections were deparaffinized, rehydrated
and heated in 100 mM citric acid buffer in a microwave
oven (H2800 Microwave Processor; Energy Beam Sciences,
Agawam, MA, USA) at 95°C for 10 min. Then, sections
were treated with 1 pg/ml proteinase K at 37°C for 5 min
and treated with 0.2 M HCI for 20 min to quench
endogenous alkaline phosphatase. Each section was covered
with a single-strand RNA probe and 50 ul of hybridization
solution (Dako Cytomation, Kyoto, Japan) and then
incubated at 50°C for overnight. After hybridization, the
slides were washed at 50°C. RNaseA treatment (10 pg/ml)
proceeded at 37°C for 20 min. Hybridized signals were
detected by a color reaction using 4-nitroblue tetrazolium
chloride and 5-bromo-4-chloro-3-indolyl phosphate (Dako).

Mechanical test

Tibiae of 8-week-old wild-type (n = 10) and ob/ob (n =
6) mice were used. The muscles were removed, and the
bones were wrapped with normal saline-soaked gauze. The
bones were stored in a plastic bag at —80°C before
processing. The distal part of the tibia was embedded in
resin (Tray Resin II; Shofu, Kyoto, Japan) and secured so
that the load-bearing axis was parallel to the anterior—
posterior axis of the proximal growth plate. The proximal
epiphysis was loaded with 20 N at 10 mm/min using a
testing machine (MZ-500D; Marto, Tokyo, Japan). The



