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Background and Objective: The types of collagens available today as biomaterials

are purified from animal tissues. A major growing concern, however, is their

safety, since there are risks of viral and prion contamination and of unknown and

potentially zoonotic infectious diseases. The present study aimed to assess, using

immunohistochemistry, the effects of recombinant human growth/differentiation

factor-5 (rhGDF-5) combined with recombinant human collagen I (rhCI) on bone

formation in murine calvariae.

Material and Methods: Composite rhGDF-5–rhCI or rhCI alone was injected

subcutaneously into murine calvariae. After 3, 7 or 14 days, tissues were examined

radiologically, histologically and immunohistochemically. The production of

vascular endothelial growth factor (VEGF) by primary osteoblasts, periosteal cells

and connective tissue fibroblasts isolated enzymatically from neonatal murine

calvariae was also assessed.

Results: A protrusion was observed on the calvariae at the site injected with

rhGDF-5/rhCI composite. Its mineral density was shown to be different from

that of the existing bone by two-dimensional microcomputed tomography.

Type II collagen-positive staining was restricted to newly formed tissues. Thus,

the newly formed tissues seemed to be bone- and cartilage-like tissues. A number

of vessels with positively stained cells for Von Willebrand factor were detected

in the newly formed tissues. The rhGDF-5 enhanced VEGF production in

cultured connective tissue fibroblasts. Sry-related HMG box 9 (Sox9)-positive
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Collagen is biocompatible and

degradable and has been used for the

delivery of a variety of proteins,

including vascular endothelial growth

factor (VEGF), fibroblast growth fac-

tor and heparin (1,2). Atelocollagen is

produced by telopeptide removal from

natural collagen molecules, resulting in

extremely low antigenicity. However,

the use of bovine collagen should be

reconsidered and restricted because of

the risks of bovine spongiform

encephalopathy, which is considered to

be transmittable to humans. Therefore,

recombinant collagens have been

developed using transfected mamma-

lian cells (3,4), insect cells, yeast (5,6)

and Escherichia coli (7). Among these

alternatives, recombinant human col-

lagen obtained from strains of the

yeast Pichia pastoris is derived from

mostly monomeric collagen or frag-

ments of a single chain compared to

those of animal tissues, and involves

the generation of single triple-helical

molecules that are then used to con-

struct more complex three-dimensional

structures (8). This allows the delivery

of a drug for tissue engineering without

the disadvantages of animal-tissue-de-

rived collagen.

Recent studies have focused on

the applications of osteoconductive

recombinant molecules, such as bone

morphogenetic proteins (BMPs). In

addition, the application of BMP-2

combined with type I collagen has

been reported to induce healing of

bone defects and periodontal defects in

animal models (9–12). Some studies,

however, have reported unfavourable

events during healing, including root

resorption and ankylosis following

application of recombinant human

BMP-2 in periodontal defects

(9,11,12). This aberrant healing

response to ossification needs to be

resolved prior to clinical trials. In

addition, the application of other

recombinant factors using type I col-

lagen would be necessary for normal

healing in periodontal defects.

Growth/differentiation factor-5

(GDF-5), also known as cartilage-

derived morphogenetic protein-1, is

closely related to bone morphogenetic

proteins (13,14). It binds with high

affinity to the BMP type Ib receptor,

which is activated upon recruitment of

the BMP type II receptor, and is con-

sidered to play a crucial role in skeletal

morphogenesis. For example, GDF-5

promotes mesenchymal cell recruit-

ment and skeletal processes such as

endochondral ossification, synovial

joint formation, tendon/ligament

development and odontogenesis

(15–21). The administration of recom-

binant GDF-5 with suitable carriers

also induces the formation of tendon-/

ligament-like and cartilage-/bone-like

tissues in some rodents, ruminants and

primates (22–24). We previously

showed that rhGDF-5 administration

with porcine atelocollagen solution

induced ectopic bone formation in

murine calvariae and promoted the

proliferation of calvarial cells (25). The

mechanisms involved in the differenti-

ation of calvarial cells in response to

rhGDF-5 administration in murine

calvarie remain unclear, however.

In the present study, we assessed the

effects of recombinant human colla-

gen I (rhCI), for the controlled release

of rhGDF-5, on bone formation in

murine calvariae. We examined the

effects of rhGDF-5 administration on

the differentiation of calvarial cells

using immunohistochemistry.

Material and methods

Injection of rhGDF-5

Recombinant Human Collagen (rhCI;

FibroGen Inc., South San Francisco,

CA, USA) was used as carrier. In

addition, rhGDF-5 (20 lg; BIOP-

HARMGmbH, Heidelberg, Germany)

was mixed with rhCI solution (20 ll)
as test. As control, 0.01 N HCl neu-

tralized to pH 7.4 was mixed with rhCI

solution (20 ll). Eight-week-old ddY

mice (n ¼ 30) were anaesthetized by

intra-abdominal injection of sodium

pentobarbitone (5 mg/kg Nembutal

Injection�; Dainippon Sumitomo

Pharma Co., Ltd, Osaka, Japan) and

rhGDF-5/rhCI composite or 0.01 N

HCl/rhCI composite was injected using

a Tuberculin syringe� (Terumo Medi-

cal Corporation, Tokyo, Japan) sub-

cutaneously beneath the scalp, along

the periosteal region.

Tissue preparation

Mice were killed at 3, 7 or 14 days after

injection. Tissue blocks including cal-

variae and surrounding soft tissues were

dissected out and fixed in 4% parafor-

maldehyde in 0.1 M phosphate buffer

(pH 7.4) for 24 h at 4�C. Specimens

were demineralized with 0.5 M ethy-

lenediaminetetraacetic acid (EDTA,

pH 7.4) for 21 days at 4�C. After

dehydration through a graded series of

ethanol solutions, specimens were

embedded in paraffin. Serial sections

(thickness, 6 lm) were cut with a

microtome and affixed onto glass slides

for light microscopic examination.

Histology

After deparaffinization with xylene and

ethanol, sections were stained with

haematoxylin and eosin. For detection

of non-collagenous matrices, alcian

blue staining was performed.

Immunohistochemistry

Immunohistochemical staining was

performed to detect type I and II col-

lagens, Von Willebrand Factor (VWF)

cells were detected in the hypertrophic periosteum, and penetrated into the newly

formed tissues.

Conclusions: These results suggest that rhCI seems to allow the release of rhGDF-

5 and that rhGDF-5–rhCI composite induces endochondral ossification via Sox9

expression and angiogenesis in murine calvariae.
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and Sry-related HMG box 9 (Sox9).

Following deparaffinization, sections

were immersed in phosphate-buffered

saline (PBS). After several washes in

PBS, sections were immersed in metha-

nol containing 0.3% hydrogen peroxide

for 30 min to block endogenous peroxi-

dase activity. After several additional

washes in PBS, sections were immersed

in DAKO Protein Block Serum Free

(DakoCorp., Carpinteria, CA,USA) to

block non-specific reactions. Sections

were subsequently incubated for 1 h at

room temperature with purified rabbit

antimouse type I collagen (Cedarlanel-

abs, Hornby, Ontario, Canada) diluted

at 1:250 with DAKO Cytomation anti-

body diluent, purified rabbit antimouse

type II collagen (Cedarlanelabs) diluted

at1:200,VWF(Dako)dilutedat1:200or

Sox9 (CHEMICON International Inc.,

Temecula, CA, USA) diluted at 1:100.

After several further washes in PBS,

sections were incubated with biotin-la-

belledsecondaryantibodies, followedby

peroxidase-labelled streptavidin, and fi-

nally treated with a 3,3¢-diaminobenzi-

dine solution to visualize the reaction

(Dako Cytomation LSAB + System

HRP). Each incubation step was fol-

lowed by washes in PBS. Sections were

inspected after counterstaining with ha-

ematoxylin.

As negative controls, sections were

incubated with normal goat IgG (Pep-

rotech EC, London, UK) or normal

rabbit negative control IgG (Dako

Corp.) instead of the primary anti-

bodies.

Microcomputed tomography

Fourteen days after injection, calvariae

were analysed using a microcomputed

tomography system (Scan Xmate-

E080�, Comscantecno Co., Ltd,

Kanagawa, Japan). The calvaria was

fixed vertically a stage and the sensor

of tomography was squarely pointed

for the measurement area.

Newly formed bone was imaged

with 201 slices using a scan.

Cell culture and VEGF enzyme-linked
immunosorbent assay

Primary osteoblasts, periosteal cells

and connective tissue fibroblasts enzy-

matically isolated from dissected neo-

natal murine calvariae and avulsed

head skin were used in the present study

(25). Each cell type was grown in

a-minimal essential medium (MEM)

supplemented with 10% fetal bovine

serum. Cells (5 · 104 cells per well)

were seeded into 96-well plates, in the

presence or absence of rhGDF-5 (1 ng/

ml) for 24 h with a-MEM supple-

mented with 1% fetal bovine serum.

Then, the medium was changed to fresh

medium in the presence or absence of

rhGDF-5, and cells were further incu-

bated for 24 h. Supernatants were col-

leted from each well, and the quantity

of VEGF was determined using a kit

for mouse VEGF (mouse VEGF

Immunoassay, TECHNE Corp., Min-

neapolis, MN, USA) according to the

manufacturer’s protocols. The minimal

detectable dose of mouse VEGF was

typically less than 3.0 pg/ml.

Statistical analysis

Data are expressed as means ± SD.

Statistical significance of differences

between groups was assessed by one-

way analyses of variance (ANOVA).

Results

The effects of rhCI combined with
rhGDF-5 14 days after injection

The rhCI appeared to allow the release

of rhGDF-5 to form new bone in

murine calvariae. In Fig. 1, new bone

was formed at the rhGDF-5–rhCI

composite-injected site, and it resulted

in a bulge-like structure corresponding

to the injected area (Fig. 1A). In

Fig. 1(C), microcomputed tomography

showed that new bone spread widely at

the rhGDF-5–rhCI composite-injected

site and was distinct from cortical

bone, suggesting that new bone formed

in response to the injection of rhGDF-

5–rhCI composite. There was no bulge

at the site injected with rhCI alone

(Fig. 1B).

Histological observations

Serial sections prepared 3, 7 or 14 days

after injection were observed histologi-

cally. Fourteen days after injection of

rhGDF-5/rhCI composite, sections

showed the newly formed bone-like

structure on haematoxylin and eosin

staining (Fig. 2B). There was no newly

formed bone-like structure 3 or 7 days

after injection of rhGDF-5–rhCI com-

posite or rhCI alone (data not shown).

In addition, injection of rhCI alone did

not produce any newly formed bone-

like tissues 14 days after injection

(Fig. 2A). Alcian blue strongly stained

the periosteum and the newly formed

A

B

C

Fig. 1. Photographs of new bone formation

in murine calvariae 14 days after the injec-

tion of rhGDF-5/rhCI composite or rhCI

alone. (A) A bulge is confirmed at the

injection site of the rhGDF-5/rhCI com-

posite. The injected area is denoted by black

arrows. (B) Two-dimensional microcom-

puted tomography did not show any newly

formed bone at the site injected with rhCI

alone (arrowheads). (C) Two-dimensional

microcomputed tomography distinctly

showed newly formed bone (arrowheads),

different from existing bone, 14 days after

the injection of rhGDF-5/rhCI composite.

Bars: 2 mm.

Endochondral ossification and angiogenesis in murine calvariae 485



bone-like tissues, indicating that they

contained acid mucopolysaccharides

(Fig. 2C,D).

Immunohistological observations
14 days after injection

Immunohistochemical staining for

type I or II collagen, Sox9 and VWF

were performed on sections from mice

killed 14 days after injection. The

staining pattern for collagen was quite

different from the existing bone and

newly formed bone-like tissues.

Immunoreactivity for type I collagen

was observed in both the existing bone

and newly formed bone-like tissues,

whereas type II collagen-positive

staining was detected in the newly

formed bone-like tissues and their

peripheral area, indicating that endo-

chondral ossification was induced by

rhGDF-5 (Fig. 3). Sox9-positive cells

were detected in the hypertrophic

periosteum (Fig. 4). The periosteum at

the rhCI-injected site was not hyper-

trophic and did not include any Sox9-

positive cells (Fig. 4C). Sox9-positive

cells appeared to be surrounded by

newly formed bone-like tissues from

the periosteum (Fig. 4B). Further-

more, immunohistochemical studies

showed that a number of luminal

structures made of VWF-positive cells

were present in the tissues (Fig. 5).

Secretion of VEGF by primary
osteoblasts, periosteal cells and
connective tissue fibroblasts

The addition of rhGDF-5 significantly

enhanced VEGF secretion in connec-

tive tissue fibroblasts, although it did

not enhance secretion in osteoblasts

and periosteal cells (Fig. 6). Fibroblast

growth factor, as positive control, also

induced an increase in VEGF in con-

nective tissue fibroblasts (data not

shown). These results suggested that

connective tissue fibroblasts might play

a central role in the secretion of

angiogenic factors mediating the

response to rhGDF-5.

Discussion

We showed that rhGDF-5 released

from rhGDF-5–rhCI composite pro-
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Fig. 2. Histological assessment of newly formed bone at the injection site of rhGDF-5–rhCI

composite or rhCI alone, 14 days after injection. Serial sections were stained with haemat-

oxylin and eosin (A,B) or alcian blue (C,D). Newly formed bone can be distinguished from

existing bone at the injection site of rhGDF-5–rhCI composite. The periosteum and newly

formed bone were strongly stained with alcian blue. No newly formed bone was observed

14 days after injection at the site injected with rhCI alone. Abbreviations: PS, periosteum;

EB, existing bone; NB, newly formed bone. Scale bars represent 500 lm.

EB

NB
c

A B

NB

EB

C D

EB

NB
NB

EB

Fig. 3. Immunohistochemical staining for type I or type II collagen in newly formed bone-

like tissues at the rhGDF-5–rhCI composite-injected site 14 days after injection. (A) Newly

formed bone and peripheral tissues were positively stained with type II collagen antibody,

whereas existing bone was not. (B) Existing bone (EB), newly formed bone (NB) and

peripheral tissues were positively stained with type I collagen. Negative controls using iso-

type control IgG are shown in (C,D). Scale bars represent 200 lm.
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moted new bone formation via endo-

chondral ossification in murine calva-

riae using a very simple injection

technique. These results suggest that

rhCI is helpful as a biomaterial for

inducing bone formation in substitu-

tion for atelocollagen from animal tis-

sues. Furthermore, we demonstrated

that rhGDF-5 released from rhCI in-

duced Sox9 expression and angiogene-

sis for endochondral ossification in

murine calvariae.

Collagen plays an essential role in

providing a scaffold for cellular sup-

port, thereby affecting cell attachment,

migration, proliferation and differenti-

ation. It is also often used in tissue

engineering for bone or skin recon-

struction. Currently, collagen used in

tissue engineering applications is

derived from animal tissues. It is

atelocollagen that is produced by

telopeptide removal from natural col-

lagen molecules, resulting in extremely

low antigenicity. However, the use of

bovine collagen should be reconsidered

and restricted because of the risks of

bovine spongiform encephalopathy,

A

B

C

Fig. 4. Immunohistochemical analysis of

expression of Sox9 14 days after injection of

rhGDF-5–rhCI composite or rhCI alone.

(A) Sox9-positive cells (arrows) are present

in the hypertrophic periosteum and at the

interface between the periosteum and newly

formed bone-/cartilage-like tissues. (B)

Sox9-positive cells (arrows) are also present

in newly formed bone-/cartilage-like tissues.

(C) No Sox9-positive cell was observed

at the rhCI-injected site. Abbreviations:

PS, periosteum; EB, existing bone; NB,

newly formed bone. Scale bars represent

50 lm.
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Fig. 5. Immunohistochemical staining for Von Willebrand Factor (VWF) in newly formed

bone-/cartilage-like tissues. (A) A number of vessel luminae (arrows) were observed in newly

formed bone-/cartilage-like tissues. (B) The luminae contained VWF-positive cells. (B) is a

higher magnification of the box area in (A). (C,D) Negative control stained with isotype

control IgG. (D) is a higher magnification of the box area in (C). Abbreviations: EB, existing

bone; NB, newly formed bone. Scale bars represent 30 lm (A,C) and 50 lm (B,D).
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Fig. 6. Secretion of VEGF from primary osteoblasts, periosteal cells and connective tissue

fibroblasts in the presence or absence of rhGDF-5. Increased VEGF secreted in skin fibro-

blasts in the presence of rhGDF-5 was evaluated in the supernatant after 48 h by enzyme-

linked immunosorbent assay. *P < 0.05 (one-way ANOVA). Abbreviations: CF, primary

connective tissue fibroblasts; POB, primary osteoblasts; POS, primary periosteal cells.
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which is considered to be transmittable

to humans. Accordingly, we estimated

the effects of GDF-5 using

recombinant human collagen, which

can also be reconstituted into fibrils

that can be formulated into three-

dimensional gels.

In the present study, rhCI appeared

to support the effects of rhGDF-5

atelocollagen we previously reported

(25). At injection sites of rhGDF-5–

rhCI composite, newly formed bone

was induced within the initial 14 days,

as seen radiologically (Fig. 1C). How-

ever, none of the new bone formation

was induced at injection sites of rhCI

alone (Fig. 1B). Newly formed bone-

like tissues were strongly stained by

alcian blue (Fig. 2D). Furthermore,

these tissues showed weakly positive

staining for type II collagen; however,

the existing bone did not include

type II collagen (Fig. 3). These results

suggest that new bone was formed via

endochondral ossification, as previ-

ously reported (25). Thus, rhCI may be

helpful in providing the preferable

effects for rhGDF-5 as a substitute of

atelocollagen derived from animal

tissues, indicating that the use of rhCI

can avoid risks of viral and prion con-

tamination and of unknown and

potentially zoonotic infectious diseases.

Exogenous rhGDF-5 stimulates the

proliferation of keratinocytes, fibro-

blasts, primary osteoblasts, periosteal

cells and periodontal ligament cells

in vitro (25–27). It has been reported

that GDF-5 may be involved in the

formation of periodontal ligament,

especially the dental attachment

apparatus (15,16). In a previous study,

we showed that rhGDF-5 stimulated

proliferation, alkaline phosphatase

activity and sulphated glycosamino-

glycan in human periodontal ligament

cells, indicating that it may provide an

environment favourable to periodontal

healing or regeneration by affecting

extracellular matrix metabolism (27).

We also showed that rhGDF-5

induced endochondral ossification in

murine calvariae using atelocollagen

derived from porcine skin (25).

Accordingly, new bone formation

induced by rhGDF-5 in the present

study encourages us to promote

research of regenerative therapy using

rhGDF-5 for periodontal disease.

However, how endochondral ossifica-

tion occurs in murine calvariae

remains to by clarified. In the present

in vivo study, a number of vessel lu-

minae were observed in the newly

formed bone, and the vessel luminae

included VWF-positive cells (Fig. 5).

We also assayed VEGF production

using cultured calvaria-derived cells to

examine whether GDF-5 is involved in

the induction of angiogenesis. Angio-

genic growth factor VEGF was en-

hanced in the presence of rhGDF-5.

Among the calvaria-derived cells,

connective tissue fibroblasts produced

VEGF in response to rhGDF-5, sug-

gesting that they may have contributed

to angiogenesis in the present study

(Fig. 6). These results indicate that

injected rhGDF-5 promotes angiogen-

esis through the production of VEGF

in murine calvariae. In another study,

GDF-5 induced plasminogen activator

activity and accelerated the migration

of bovine aortic endothelial cells in a

chemotactic fashion, which might

contribute to the process of angiogen-

esis in vivo (27). It has been shown that

GDF-5 promotes angiogenic activity

in both chick chorioallantoic mem-

branes and rabbit cornea assays (28).

Angiogenesis plays a critical role in

bone development and in postnatal

fracture repair (29,30).

Differentiation and proliferation of

osteogenic and chondrogenic mesen-

chymal cells are regulated by molecular

signals (31). Growth/differentiation

factor-5 increases the amounts of pre-

chondrogenic mesenchymal cell con-

densation and cartilaginous nodules

and causes a more sustained elevated

expression level of Sox9 (32). Sox9 is a

transcription factor belonging to the

Sex-determining Region Y (SRY)

family of high-mobility box proteins

and plays a major role in endochondral

ossification (33). In the present study,

we demonstrated Sox9 expression in

the hypertrophic periosteum and in the

newly formed bone after injection of

rhGDF-5–rhCI composite (Fig. 4A,B).

These results suggest that subcutane-

ously injected rhGDF-5 stimulates

mesenchymal cells in the periosteum

and promotes Sox9 expression in

endochondral ossification.

In conclusion, we have demonstrated

that rhCI is suitable as a biomaterial to

control GDF-5 release, which induces

endochondral ossification via Sox9

expression in the periosteum and

angiogenic activity in murine calvariae.

The application of rhGDF-5–rhCI

composite may be effective to induce

bone-/cartilage-like tissues through

endochondral ossification.
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