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Abstract
Objectives: Four adult non-human primates Papio
ursinus were used to study induction of bone forma-
tion by recombinant human transforming growth
factor-b2 (hTGF-b2) together with muscle-derived
stem cells.
Materials and methods: The hTGF-b2 was imp-
lanted in rectus abdominis muscles and in calvarial
defects with and without addition of morcellized
fragments of striated muscle, harvested from the
rectus abdominis or temporalis muscles. Expression
of osteogenic markers including osteogenic protein-
1, bone morphogenetic protein-3 and type IV
collagen mRNAs from generated specimens was
examined by Northern blot analysis.
Results: Heterotopic intramuscular implantation of
5 and 25 lg hTGF-b2 combined with 100 mg of
insoluble collagenous bone matrix yielded large
corticalized mineralized ossicles by day 30 with
remodelling and induction of haematopoietic marrow
by day 90. Addition of morcellized rectus abdominis
muscle to calvarial implants enhanced induction of
bone formation significantly by day 90.
Conclusions: In Papio ursinus, in marked contrast
to rodents and lagomorphs, hTGF-b2 induced large
corticalized and vascularized ossicles by day 30 after
implantation into the rectus abdominis muscle. This
striated muscle contains responding stem cells that
enhance the bone induction cascade of hTGF-b2.
Induction of bone formation by hTGF-b2 in the non-

human primate Papio ursinus may occur as a result
of expression of bone morphogenetic proteins on het-
erotopic implantation of hTGF-b2; the bone induc-
tion cascade initiated by mammalian TGF-b proteins
in Papio ursinus needs to be re-evaluated for novel
molecular therapeutics for induction of bone forma-
tion in clinical contexts.

Introduction

There are three transforming growth factor-b (TGF-b)
isoforms in mammals, which are structurally related cyto-
kines with overlapping and distinct functions in regulating
proliferation and differentiation of mesenchymal precursor
cells as well as osteoblasts, osteoclasts and chondrocytes
(1,2). Effects of TGF-bs in combination with other growth
factors on osteoblast proliferation or differentiation,
depends on concentration, duration of treatment and status
of cell differentiation (3,4). In recent years, several differ-
ent studies have cast a new light on the specific role of
TGF-b isoforms within bone matrix. Cabiling et al. (1)
demonstrated that induction of osteoblast differentiation
or apoptosis by TGF-bs in mouse dural cells was isoform-
specific, and further propose that the role of TGF-b
isoforms is species-specific. A combinatorial approach by
Balooch et al. (5) to assess properties of the bone matrix,
independently of bone mass and architecture, showed that
TGF-b signalling regulates mechanical properties and
composition of the bone matrix.

Systematic studies in the non-human primate Papio
ursinus have shown a previously unknown function of
mammalian TGF-b isoforms, that is, induction of endo-
chondral bone formation, defined as de novo generation of
endochondral bone in heterotopic, intramuscular sites
(6–10). This is in marked contrast to studies in rodents
and lagomorphs where only promotive effects were
observed (11,12). Isoforms of the TGF-b superfamily
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control tissue induction and morphogenesis of bone as
well as disparate organs and tissues (4,5). These include
central and peripheral nervous systems, tooth morphogen-
esis and induction of cementum with newly formed peri-
odontal ligament fibres, highlighting pleiotropic activity
of osteogenic proteins of the TGF-b superfamily (9,13–
17). Each of the mammalian TGF-b isoforms differs in
their mode of activation and in receptor binding affinities,
as well as having differential effects in relation to their
local concentrations (2).

Rapid induction of endochondral bone formation by
human transforming growth factor-b3 (hTGF-b3) in het-
erotopic rectus abdominis and orthotopic calvarial sites of
Papio ursinus, accompanied by expression of TGF-b1,
bone morphogenetic protein-3 (BMP-3) and osteogenic
protein-1 (OP-1) mRNAs. These with hypercellular osteo-
blastic activity, osteoid synthesis, angiogenesis and capil-
lary sprouting has suggested a novel molecular and
morphological basis for induction of bone formation in
clinical contexts (10). Regenerative phenomena by hTGF-
b3-treated calvarial defects in Papio ursinus are modu-
lated by a regenerative response controlled by expression
of inhibitory Smad-6 and -7 proteins (10). The rectus
abdominis muscle of adult Papio ursinus is endowed with
a stem cell niche (18), which provides a large number of
differentiating stem cells including osteogenic progenitors
and myoendothelial stem cells, which contribute to
postnatal tissue regeneration (18–20).

It is noteworthy that at least in Papio ursinus, TGF-b
isoforms induce endochondral bone formation in spite of
differences in their receptor binding affinities, structure
and modes of activation (2). While TGF-b isoforms are
highly homologous, particularly in the carboxy terminal
domain, there are significant differences in their regulation
and expression, as well as their activities in vitro (2). To
further our knowledge concerning their site ⁄ tissue speci-
ficity, four Papio ursinus individuals were used to study
induction of bone formation by recombinant human trans-
forming growth factor-b2 (hTGF-b2) isoform when
implanted into heterotopic rectus abdominis muscles and
orthotopic calvarial defects. We also tested effects of the
addition of morcellized fragments of striated muscle tis-
sue, harvested either from the temporalis or rectus
abdominis muscles when preparing the orthotopic and
heterotopic implantation sites respectively.

Materials and methods

Preparation of hTGF-b2 osteogenic devices

Recombinant hTGF-b2 was a kind gift from Genzyme
Corporation (Framingham, MA, USA). Stock solutions of
the morphogen were prepared by aliquoting required

amounts in 20 mM sodium succinate, 4% mannitol, pH
4.0. Allogeneic insoluble collagenous bone matrix was
used for local delivery of hTGF-b2 as optimal tissue
induction is dependent on combinatorial action of a
molecular signal, hTGF-b2 protein, with a complementary
substratum or carrier matrix (21–23).

Demineralized bone matrix, prepared from diaphyseal
segments of baboon cortical bone, was dissociatively
extracted in 4 M guanidinium–HCl containing protease
inhibitors (21). The resulting insoluble collagenous bone
matrix, inactive after extraction of osteogenic proteins
(21), was washed three times in distilled water, dehydrated
in ethanol and ether, and used as carrier for hTGF-b2. The
collagenous matrix is an optimal substratum for cell
attachment, proliferation and differentiation (21–24).
Implants for heterotopic implantation in the rectus abdo-
minis were prepared in sterile polypropylene tubes by add-
ing 5 and 25 lg hTGF-b2 to 100 mg of insoluble
collagenous bone matrix (8,10). Identically prepared
implants of 5 and 25 lg hTGF-b2 were mixed with finely
minced fragments of temporalis muscle before implanta-
tion in the rectus abdominis muscle. For preparation of
samples suitable for calvarial implantation, 100 and
250 lg hTGF-b2 in 500 ll of liquid vehicle were com-
bined with 1 g of collagenous matrix per implant in 50 ml
sterile Falcon tubes and lyophilized (9,10).

Primate models for tissue induction

Four clinically healthy adult Chacma baboons (Papio
ursinus), with mean weight of 16.3 ± 2.3 kg, were selected
from the primate colony of the University of theWitwaters-
rand, Johannesburg. Comparative histomorphometric stud-
ies between iliac crest biopsies of human and Papio
ursinus show a remarkable degree of similarity (25); adult
Papio ursinus species are thus suited for study of compara-
tive bone physiology and repair with relevance to humans.
Criteria for selection, housing conditions and diets were as
described previously (26). Research protocols were
approved by the Animal Ethics Screening Committee and
conducted according to ‘Guidelines for the Care and Use
of Experimental Animals’ prepared by the university and
in compliance with the National Code for Animal Use in
Research, Education and Diagnosis in South Africa (27).

Lyophilized pellets of 100 mg of collagenous matrix
combined with 5 and 25 lg hTGF-b2 were implanted
bilaterally in quadruplicate, in eight ventral intramuscular
pouches created by sharp and blunt dissection in the rectus
abdominis muscle of each animal (Fig. 1a) (6–10). After
heterotopic implantation, the calvariae were exposed and
on each side of the calvarium, two full-thickness defects,
25 mm in diameter, each separated by 2.5–3 cm of inter-
vening calvarial bone, were created using a craniotome,
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under saline irrigation (9,10). An ipsilateral Latin square
block design was used to allocate position of the 100 and
250 lg TGF-b2 osteogenic devices, in 16 calvarial defects
in the four adult baboons with balanced distribution of the
two treatment modalities between anterior and posterior
regions (Fig. 1b) (9,10).

Reconstitution of the hTGF-b2 osteogenic device with
minced fragments of rectus abdominis and temporalis
muscles

A series of morphological and molecular analyses has
shown that addition of minced fragments of rectus abdo-
minis muscle results in induction of greater calvarial
osteogenesis when compared to hTGF-b3 osteogenic
devices implanted without minced fragments of rectus
abdominis muscle (10,28). Because of lack and ⁄or limited
induction of bone formation in calvarial defects of Papio
ursinus, it has been mandatory to study expression
patterns of inhibitory Smad-6 and -7 proteins in orthotopic
calvarial defects, to unravel segregated osteogenic induc-
tion by hTGF-b3 isoform when implanted in calvarial
defects versus rectus abdominis intramuscular sites (10).
Different results achieved by mammalian TGF-b osteo-
genic devices when implanted into the rectus abdominis
muscle versus calvarial defects covered by the temporalis
muscle have pointed to different and opposite biological

functions of respective striated muscles, that is, pro-
foundly osteogenic cellular elements of the rectus abdo-
minis muscle versus inhibitory cellular elements and ⁄or
secreted cellular products in the temporalismuscle. To fur-
ther mechanistically clarify segregated osteogenic induc-
tion by the hTGF-b isoforms in defectes at these sites, it
was esssential to harvest fragments of temporalis muscle,
which were minced then added to lyophilized hTGF-b2

osteogenic devices and implanted into heterotopic rectus
abdominis sites (Fig. 1a). At the same time, harvested
fragments of autogenous rectus abdominis muscle were
finely minced and added to hTGF-b2 osteogenic devices
just before implantation into calvarial defects (Fig. 1b).

Tissue harvest, histology and histomorphometry

After harvesting heterotopic specimens for molecular
analyses, anaesthetized animals were subjected to bilateral
buffered saline carotid perfusion and killed by intravenous
overdose of sodium pentobarbitone, on days 30 and 90,
two animals per observation period (6–10). Orthotopic
specimen blocks were cut along the sagittal one-third of
the implanted defects and embedded, undecalcified, in a
methyl-methacrylate plastic embedding resin (K-Plast;
Dia Tec Diagnostic Systems, Hallstadt, Germany) (6–10).
Heterotopic specimens were fixed, processed and embed-
ded as described above.

Serial sections, cut at 6 lm (Leica SM2500 Polycut-S;
Reichert, Heidelberg, Germany), were stained free-floating
in modified Goldner’s trichrome (9). Sections were exam-
ined using a Provis AX70 research microscope (Olympus
Optical Co., Tokyo, Japan) equipped with a calibrated
Zeiss Integration Platte II (Carl Zeiss International, Ober-
kochen, Germany) with 100 lattice points for determina-
tion by the point-counting technique of mineralized bone,
osteoid and residual collagenous matrix volumes (in %)
(6–10,29). Calvarial sections were analysed at 40·, super-
imposing the Zeiss graticule over five sources (8,10,30)
selected for histomorphometry, and defined as follows:
anterior and posterior interfacial regions (AIF and PIF),
anterior and posterior internal regions (AIN and PIN), and
a central region (CEN) (6–10). Each source represented a
field of 7.84mm2. Undecalcified sections generated from
heterotopic specimens were evaluated by the point-count-
ing technique for mineralized bone, osteoid, and residual
collagenous matrix volumes (in %) (29) superimposing
the Zeiss graticule over corticalized outer levels, and tra-
versing to internal regions of the ossicles (8–10).

Northern blot analyses

Samples of 100 ⁄200 mg from replicate specimens of het-
erotopic ossicles harvested from the rectus abdominis on

(a) (b)

Figure 1. Heterotopic rectus abdominis and orthotopic calvarial
implantation designs for bone induction and morphogenesis by doses
of recombinant human transforming growth factor-b2 (hTGF-b2).
(a) Heterotopic intramuscular model and implantation design in the
rectus abdominis muscle. Quadruplicate samples of 5 and 25 lg hTGF-
b2 are implanted, along with four specimens additionally treated with
morcellized fragments of autogenous temporalis muscle (blue arrows).
(b) The calvarial Latin block design results in the ipsilateral implantation
of 100 and 250 lg hTGF-b2 reconstituted with insoluble collagenous
bone matrix with a balanced distribution between anterior and posterior
defects with a total of eight 100 and eight 250 lg hTGF-b2 osteogenic
implants in four animals at two time periods. Two hTGF-b2 specimens
per animal are additionally treated with morcellized fragments of autoge-
nous rectus abdominis muscle (blue arrows).
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days 30 and 90 were pooled and total RNA was isolated
using TriPure� isolation reagent (Roche Molecular Bio-
chemicals, Mannheim, Germany), according to the manu-
facturers’ protocols (8,10). Purity and yield of RNA was
judged by A260 ⁄A280 absorbance ratio and by c-actin sig-
nals from Northern blots. Quality of ribosomal RNA
bands was resolved on 1% agarose gels incorporating
2.2 M formaldehyde, and was transferred to nylon
membrane filters (Hybond�-N+; Amersham, Amersham
Biosciences, UK Ltd, Little Chalfont, Bucks, UK).
Linearized vectors containing cDNA of c-actin, type IV
collagen, BMP-3 and OP-1 as described (19) were radiola-
belled to high specific activity with a32 P-dCTP by ran-
dom prime labelling, using a DNA Megaprime labeling
kit (RPN 1606; Amersham), and washed under conditions
of high stringency (68 �C) with 0.1% · SSC with 0.1%
SDS (26). Membranes were exposed to Kodak Biomax
MS film (Eastman Kodak Co., Rochester, NY, USA) with
intensifying screens for 6 days. Signals were quantified
relative to their respective c-actin signals on the
same blots by densitometric analysis (GelDoc, Vacutec,
Germany) (8,10).

Statistical analyses

Histomorphometric data of heterotopic and orthotopic
tissue sections were analysed using Graph Pad Prism

software with one-way analysis of variance procedure
using Bonferroni’s multiple comparison test (8,10) and
are presented in Fig. 6.

Results

hTGF-b2 combined with collagenous matrix as carrier
induces bone differentiation in the rectus abdominis
muscle of Papio ursinus

Newly generated tissues by 5 and 25 lg hTGF-b2

implanted in the rectus abdominis muscle had grown to
form large corticalized spherical ossicles (Fig. 2a). Juxta-
posed ossicles as per the heterotopic implantation scheme
(Fig. 1a) had grown towards each other and had coa-
lesced, extending across the rectus abdominis muscle
(Fig. 3a). Cut surfaces showed mineralization of external
cortices and were macroscopically brownish-red in colour,
indicating induction of haematopoietic bone marrow.
Undecalcified sections cut at 5 lm showed corticalization
with newly formed mineralized bone (Figs 2 and 3).
Implantation of insoluble collagenous bone matrix recon-
stituted with 5 and 25 lg of hTGF-b2 in the rectus
abdominis muscle induced differentiation of endochondral
bone (Figs 2 and 3).

Specimens of 5 lg hTGF-b2 on day 30 showed corti-
calization by mineralized bone covered by osteoid seams

(a) (b) (c)

(d) (e) (f) (g)

(h) (i) (j)

Figure 2. Induction of bone formation by
5 lg recombinant hTGF-b2 reconstituted with
insoluble collagenous bone matrix and
implanted in the rectus abdominis muscle of
adult baboons Papio ursinus. (a) Induction of
large corticalized ossicles by 5 lg hTGF-b2 har-
vested on day 30. (b, c) Corticalized mineralized
bone covered by osteoid seams induced by 5 lg
hTGF-b2 in the rectus abdominis muscle. (d–f)
High power views showing mineralized bone in
blue surfaced by large osteoid seams populated
by contiguous osteoblasts facing invading capil-
laries (f). (g) Induction of bone formation within
dissolving collagenous matrix as carrier, induc-
tion of osteoblastic-like cells and mineralization
in blue of the newly formed bone matrix. (h–j)
Mineralized newly formed bone surfaced by
osteoid seams 90 days after implantation of 5 lg
hTGF-b2. (j) Thick osteoid seams covered by
contiguous osteoblasts. Undecalcified sections
cut at 5 lm and stained free-floating with
Goldner’s trichrome. (b) original magnification
·25; (c) original magnification ·75 (d–g) origi-
nal magnification ·125, 175, 125 and 175
respectively; (h–j) original magnification ·15,
75, 125 respectively.
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(Fig. 2b,c). Mineralized bone trabeculae surrounded
scattered remnants of collagenous matrix with prominent
capillary sprouting in close contact with newly deposited
large osteoid seams populated by contiguous osteoblasts
(Fig. 2d–f). Induction of bone formation initiated in con-
tact with the carrier matrix by differentiating osteoblasts
secreting bone matrix rapidly undergoing mineralization
(Fig. 2g). On day 90, specimens of 5 lg hTGF-b2 induced
corticalized ossicles with newly formed and mineralized
trabeculae were covered by large osteoid seams populated
by contiguous osteoblasts (Fig. 2h–j).

Specimens of 25 lg hTGF-b2 showed induction of
large coalesced ossicles (Fig. 3a,b) with mineralized tra-
beculae of newly formed bone covered by osteoid seams at
both time periods (Fig. 3). Subjacent to mineralized cortex
of newly formed bone, there was vascular invasion
between trabeculae surfaced by osteoid seams in contact
with invading capillaries (Fig. 3c). In close proximity to
the collagenous matrix remnants, islands of endochondral
ossification could be identified on day 30 (Fig. 3a inset).
Newly formed trabeculae were embedded into a highly
vascular matrix controlling de novo induction of bone for-
mation (Fig. 3c). Initiation of bone formation was within
remnants of the collagenous matrix carrier (Fig. 3e,g). The

supporting fibrovascular matrix showed prominent angio-
genesis and capillary invasion, almost surfacing osteoblas-
tic-like cells atop newly secreted osteoid seams (Fig. 3c,g).

Addition of minced fragments of temporalis muscle to
5 and 25 lg hTGF-b2 implants did not alter the bone
induction cascade as evaluated by morphological and his-
tomorphometrical analyses (Figs 2, 3 and 6). On day 90,
remodelling of newly formed ossicles with induction of ha-
ematopoietic bone marrow resulted in volumetric reduc-
tion of harvested ossicles. Remnants of hypertrophic
chondrocytes with vascular invasion, chondrolysis and dif-
ferentiating osteoblastic-like cells were still present on day
90 in two specimens of 25 lg hTGF-b2 (Fig. 3h inset).

Morphology of calvarial regeneration by 100 and
250 lg of hTGF-b2 osteogenic devices with and without
morcellized fragments of rectus abdominis muscle

Doses of 100 and 250 lg hTGF-b2, combined with insol-
uble collagenous bone matrix induced limited bone forma-
tion localized at interfacial regions of calvarial defects
only (Fig. 4). On day 30, addition of morcellized frag-
ments of rectus abdominis muscle did not result in greater
induction of bone compared to untreated hTGF-b2

(a) (b)

(c)

(d) (e) (f) (g)

(h) (i) (j)

Figure 3. Induction and morphogenesis of large mineralized and corticalized ossicles by 25 lg hTGF-b2 implanted in the rectus abdominis
muscle. (a) Induction of large heterotopic ossicles on day 30. Mineralization of the newly formed bone in blue surrounding scattered remnants of the
collagenous matrix. Chondrogenesis on day 30 after implantation of 25 lg hTGF-b2 (inset in a). (b) Detail of mineralized bone covered by osteoid
seams at the zone of fusion of the coalesced ossicles. (c inset) Detail of newly formed trabecula covered by osteoid seams populated by contiguous
osteoblasts in contact with invading capillaries. (d–g) Details of the induction of bone formation with newly formed mineralized bone in blue covered by
osteoid seams. (h–j) Mineralized bone surfaced by large osteoid seams in ossicles generated by 25 lg hTGF-b2 on day 90. Chondrogenesis on day 90
with vascular invasion and chondrolysis (inset in h). Undecalcified sections cut at 5 lm and stained free-floating with Goldner’s trichrome (a) original
magnification ·2.7; (b) original magnification ·25; (c) ·275; (d–g) original magnification ·75, 175, 125, 200, 275 respectively; (h–j) original magnifica-
tion ·45, 60, 125 respectively.
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osteogenic devices (Figs 4a–6a). On day 90, specimens of
100 and 250 lg hTGF-b2 yielded scattered islands of
newly formed bone across treated defects. Mineralized
bone matrix with scattered remnants of collagenous bone
matrix as carrier surfaced by osteoid seams (Fig. 4i,j).

Morcellized fragments of autologous rectus abdominis
muscle with responding stem cells enhance the bone
induction cascade of the hTGF-b2 osteogenic devices

On day 90, addition of morcellized fragments of rectus
abdominis muscle resulted in significantly greater
induction of bone formation compared to TGF-b2-treated
specimens without addition of minced fragments of autol-
ogous rectus abdominis muscle (Figs 5 and 6b). Addition
of rectus abdominis muscle cells to 250 lg hTGF-b2

calvarial specimens resulted in induction of newly formed
blocks of mineralized bone across treated calvarial defects
surfaced by osteoid seams, facing newly generated

haematopoietic marrow (Fig. 5g–i). Restoration of bone
induction cascade by morcellized fragments of rectus
abdominis muscle resulted in induction of bone in sub-
pericranial location, thus in proximity to the temporalis
muscle (Fig. 5), particularly when calvarial defects were
implanted with 250 lg hTGF-b2 (Fig. 5d,f). Blocks of
newly induced and mineralized bone were not in a contin-
uum across treated defects but were separated by fibrovas-
cular tissue with scattered collagenous matrix particles. In
one calvarial specimen of 250 lg hTGF-b2, there was
induction of a large island of cartilage at the periphery of
newly formed and mineralized bone (not shown).

Morphometric analyses of heterotopic specimens induced
by hTGF-b2 in the rectus abdominis muscle

Volume fractions of tissue components in hTGF-b2

heterotopic specimens harvested on day 30 and 90 are
presented in Fig. 6a. Addition of minced fragments of

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure 4. Morphology of calvarial repair and
induction of bone formation by hTGF-b2 oste-
ogenic devices without the addition of minced
fragments of autogenous rectus abdominis
muscle and harvested on day 30 and 90 after
implantation. Lack of bone induction in calvari-
al defects harvested on day 30 after implantation
of 100 (a, c) and 250 (b, d) lg hTGF-b2. Note
greater surface area of the implanted osteogenic
devices in specimens of 250 lg hTGF-b2 (b, d).
(e, f) Higher power views of (c) and (d) showing
scattered remnants of collagenous matrix as car-
rier with fibrovascular invasion but lack of bone
differentiation. (g, h) Calvarial specimens har-
vested on day 90 after implantation of 100 (g)
and 250 (h) lg hTGF-b2 showing scattered
islands of newly formed and mineralized bone in
blue across the treated defects. (i, j) High power
views of (g) showing mineralized bone in blue
covered by osteoid seams and scattered remnants
of the collagenous matrix as carrier. Undecalci-
fied sections cut at 5 lm stained free-floating
with Goldner’s trichrome. (a, b, c, d, g, h) origi-
nal magnification ·2.7; (e, f) original magnifica-
tion ·37; (i, j) original magnification ·75 and 25
respectively.
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temporalis muscle did not alter induction of bone forma-
tion as measured by morphometric analyses of mineral-
ized bone and osteoid volumes at both time periods
(Fig. 6a). On day 90, implantation of 25 lg hTGF-b2

combined with insoluble collagenous matrix as carrier,
induced a 3-fold increase in mineralized bone and osteoid
volumes when compared to ossicles induced by 5 lg
hTGF-b2 (*P < 0.05, Fig. 6a).

Morphometric analyses of calvarial specimens: effect
of hTGF-b2 and of morcellized rectus abdominis muscle

Volume fractions of tissue components in orthotopic spec-
imens treated with 100 and 250 lg hTGF-b2 combined
with insoluble collagenous matrix are presented in
Fig. 6b. Addition of morcellized fragments of rectus
abdominis muscle significantly increased induction of
newly formed mineralized bone and osteoid volumes on
day 90 (**P < 0.05, Fig. 6b). On days 30 and 90, addition
of morcellized fragments of autogenous rectus abdominis

muscle to 250 lg hTGF-b2 showed higher mineralized
bone and osteoid volumes compared to untreated hTGF-
b2 osteogenic devices; however, these differences were
not significant (Fig. 6b).

Northern blot analyses of heterotopic induced tissues

Intensity of expression of OP-1 (osteogenic protein-
1 ⁄bone morphogenetic protein-7), BMP-3 and type IV
collagen were normalized as percentages against c-actin
intensity levels (in densitometric units). Relative densito-
metric units of evaluated mRNAs are presented in Fig. 7.
Tissue specimens generated by 25 lg hTGF-b2 induced
higher expression of OP-1 mRNA but not BMP-3 on day
30; conversely on day 90, tissue specimens of 5 lg
hTGF-b2 induced higher expression of OP-1 mRNA and
equivalent expression of BMP-3 mRNAs relative to
mRNA levels induced by 25 lg hTGF-b2 on day 90
(Fig. 7). Collagen type IV mRNAs were highly expressed
at both time periods and by both doses of the hTGF-b2

(a) (b)

(c) (d)

(e) (f)

(g) (h) (i)

(j) (k)

Figure 5. Morphology of calvarial regenera-
tion and induction of bone formation in calv-
arial defects implanted with 100 and 250 lg
hTGF-b2 with the addition of morcellized
fragments of autogenous rectus abdominis
muscle and harvested on day 30 (a, b) and 90
(c–k) after implantation. (a, b) Lack of bone
differentiation in calvarial defects implanted with
100 (a) and 250 (b) lg hTGF-b2 showing mini-
mal bone formation at the severed calvarial mar-
gins. (c, e, d, f) Reconstitution of the hTGF-b2
osteogenic device with autogenous fragments of
minced rectus abdominis muscle partially
restores the biological activity of the hTGF-b2
protein, resulting in the induction of large islands
of mineralized bone on day 90 after implantation
of 100 (c, e) and 250 lg (d, f) hTGF-b2. (g–i)
Higher power views of newly formed mineral-
ized bone covered by osteoid seams with detail
(i) of the induction of hematopoietic marrow on
day 90. (j, k) Detail of mineralized trabecular
bone in blue covered by osteoid seams populated
by contiguous osteoblasts after the addition of
morcellized fragments of autogenous rectus
abdominis muscle on day 90. Undecalcified sec-
tions cut at 5 lm stained free-floating with Gold-
ner’s trichrome. (a–f) original magnification
·2.7; (g–i) original magnification ·25, 57, 175
respectively; (j, k) original magnification ·75.
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osteogenic devices correlating with the robust osteogene-
sis together with prominent vascular invasion with capil-
lary sprouting, as observed morphologically at both time
periods (Figs 2 and 3).

Discussion

The apparent redundancy of molecular signals initiating
induction of bone formation remains largely uncharacter-

ized. We have shown that mammalian TGF-b isoforms
are determinants of induction of endochondral bone for-
mation in non-human primate Papio ursinus (this study;
8,10,13). This appears to be specific to primates. Hetero-
topic implantation of the hTGF-b1 isoform in rodents
induces granulation tissue only without any evidence of
endochondral bone formation (11). Several other studies
in rodents and lagomorphs have confirmed that hetero-
topic implantation of naturally derived or recombinant
hTGF-b isoforms results in induction of granulation tissue
and of a fibrogenic response without cartilage or bone for-
mation (11,31–34). Binary application of TGF-b1 with
basic fibroblast growth factor, induces persistent fibrosis
in mice (35). Mammalian TGF-b1 and b2 isoforms are
implicated in cutaneous scarring in rats due to increased
monocyte and macrophage infiltration with fibronectin
and collagens type I and III deposition (36).

The exact mechanism by which TGF-b signalling
results in induction of endochondral bone formation in
non-human primates remains to be characterized. Current
research does not as yet provide evidence that results in
the non-human primate Papio ursinus are predictive of
biological activity of mammalian TGF-b isoforms in
Homo sapiens, although DNA homologies between pri-
mates are certainly higher than homologies between
rodents and primates. In a number of systematic studies in
the different microenvironments of heterotopic intramus-
cular and orthotopic craniofacial sites including the rectus
abdominis muscle, the calvarium, the mandible and man-
dibular periodontal furcation defects, respectively, we
have shown that primate tissues and microenvironments
respond remarkably differently when compared to
rodents, lagomorphs and canine tissues, at identical doses
of the various osteogenic proteins of the TGF-b superfam-
ily (9,13). In Papio ursinus and possibly thus by extension
to Homo sapiens, mammalian TGF-b isoforms do induce
rapid and substantial endochondral bone formation in
heterotopic sites of the rectus abdominis muscle (8–10).
Mechanistically, it is of importance to elucidate why the
mammalian TGF-b isoforms have such different and criti-
cally important effects in Papio ursinus compared to
rodents and lagomorphs; more importantly, however, the
question is, can we extrapolate results from Papio ursinus
to Homo sapiens? Although genes of chimpanzees and
humans are 99% identical, regulation of human genes
may be different. A recent study comparing genomes of
humans, chimpanzees and rhesus macaques found that
most differences were in non-coding regulatory
sequences, which control gene expression (37). Differ-
ences in gene regulation between primates during devel-
opment and in response to morphogens may result in
differences in sensitivity and responsiveness to TGF-b
superfamily members.

(a)

(b)

Figure 6. Effects of hTGF-b2 on bone induction on day 30 and 90
after heterotopic rectus abdominis (a) and orthotopic calvarial
implantation (b). (a) Histomorphometric results of induced mineralized
bone and osteoid volumes (in %) in the newly formed heterotopic ossi-
cles (*P < 0.05 vs. 5 lg hTGF-b2 specimens with or without morcel-
lized temporalis muscle). (b) Induced mineralized bone and osteoid
seams in calvarial specimens implanted with and without morcellized
fragments of rectus abdominis muscle and harvested on day 90. Error
bars represent SD of measurements of mineralized bone plus osteoid vol-
umes (**P < 0.05 vs. 100 lg hTGF-b2 specimens without morcellized
fragments of autogenous rectus abdominis muscle).
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Although structurally similar, BMPs ⁄OPs and TGF-b
receptors bind in dramatically different ways, mediating
graded and switch-like assembly mechanisms that may
have co-evolved with branch-specific groups of cytoplas-
mic effectors (38). Intensity of expression of the two mor-
phogenetic proteins studied, OP-1 and BMP-3, did not
vary significantly according to doses of implanted hTGF-
b2 or to time periods evaluated; similarly, mRNA expres-
sion of type IV collagen is highly and equally expressed
at both time periods with no correlation with the lg doses
of implanted hTGF-b2 in the rectus abdominis muscle.
Induction of large osteoid seams at both time periods by
both lg doses of the recombinant morphogen may explain
similar expression patterns of OP-1 and BMP-3. Promi-

nent vascular invasion in heterotopic constructs generated
by both doses of the hTGF-b2 isoform may also explain
the similar if not equal expression patterns of collagen
type IV, pre-dating the prominent angiogenesis within
de novo-generated corticalized constructs.

In parallel experiments, we have shown that consistent
and rather limited induction of bone formation in ortho-
topic calvarial defects implanted with hTGF-b3 osteogenic
devices is due to the influence of Smad-6 and -7 down-
stream antagonists of the TGF-b signalling pathway (10).
RT-PCR analyses of newly formed ossicles generated by
the hTGF-b3 isoform have shown robust expression of
Smad-6 and -7 in orthotopic calvarial sites with limited
expression in heterotopic rectus abdominis ones (10). Our

Figure 7. Northern analyses of mRNA expression of osteogenic protein-1 (OP-1), bone morphogenetic protein-3 (BMP-3) and collagen type IV
in tissue generated by 5 and 25 lg hTGF-b2 reconstituted with collagenous matrix as carrier and harvested on day 30 and 90 after heterotopic
implantation in the rectus abdominis muscle. Samples of 100 ⁄ 200 mg from duplicate specimens from the rectus abdominis on day 30 and 90 were
pooled and the RNA extracted. Northern blot hybridizations were carried out with radioactively labelled probes to the indicated markers (shown in
panels below each histogram), and the signals were quantified relative to c-actin blots by densitometric analysis. mRNA levels are expressed as relative
densitometric units.
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morphological and molecular studies have suggested
that Smad-6 and -7 over-expression in hTGF-b3-treated
calvarial defects may be due to vascular endothelial tissue
of arachnoids expressing signalling proteins, which modu-
late expression of inhibitory Smads in pre-osteoblastic
and osteoblastic cell lines, thus controlling induction of
bone in the primate calvarium (10).

The acid test of the phenomenon of ‘bone: formation
by autoinduction’ (39) is de novo generation of hetero-
topic bone after extraskeletal implantation of osteogenic
molecular signals of the TGF-b superfamily (13) com-
bined with complementary substrata; a molecular signal
labelled as osteoinductive must thus be endowed with the
striking prerogative of initiating endochondral bone for-
mation in heterotopic extraskeletal sites of animal models
(9,10,23,39). Conclusively, in bioassay for bone induction
in Papio ursinus, the mammalian TGF-b isoforms do ini-
tiate induction of bone formation (6–11). TGF-b isoforms
may induce expression of BMP ⁄OP-related gene prod-
ucts, ultimately resulting in induction of bone formation.
Molecular analyses of tissues generated by mammalian
TGF-b isoforms shows expression of BMP-3 and OP-1 as
evaluated by Northern blot analyses and RT-PCR (this
study; 8,10). This underlies the importance of BMPs ⁄
OP pathways in induction of de novo heterotopic bone
formation.

Our working hypothesis is that TGF-b signalling
induces endochondral bone differentiation by regulating
Noggin expression and, therefore, BMP ⁄OP activity
(38,40). If these molecular and cellular scenarios are cor-
rect, addition of Noggin together with a mammalian TGF-
b isoform would inhibit osteogenic activity of expressed
and secreted proteins resulting in limited and ⁄or no bone
formation by induction. Alternatively, although unlikely,
mammalian TGF-b isoforms initiate induction of endo-
chondral bone formation via a novel non-BMP ⁄OP path-
way and in primates only.

Pericytes are ubiquitous sub-endothelial cells; they are
elongated cells with primary and secondary processes
encircling the capillary at right angles and are embedded
in and sharing a common basement membrane with over-
lying endothelial cells (41,42). Current evidence indicates
that pericytes may be competent for generation of a vari-
ety of mesenchymal tissues including skeletal muscle
(43,44) and osteoblasts (45). This suggests the existence
of perivascular progenitor stem cells and a potential peri-
vascular stem cell niche (42). The presence of such a niche
in adult rectus abdominis muscles is additionally sup-
ported by recent identification of myoendothelial cells in
human skeletal muscle (20). Both pericytes and myoendo-
thelial cells may respond to osteogenic proteins of the
TGF-b superfamily differentiating and expanding into
osteoblastic cells initiating induction of bone formation as

a secondary response (9,46,47). Muscle-derived stem cells
including myoendothelial cells possess high myogenic
(48) and osteogenic (20) capacity which depends on
induction of specific microenvironments (19,48) provid-
ing promising approaches for treatment of musculoskele-
tal disorders.

Soluble and insoluble signals modulating respond-
ing stem cells is the basic tissue engineering paradigm
for tissue induction and morphogenesis (9,23). Appar-
ent redundancy of molecular signals also, including
TGF-b isoforms initiating induction of endochondral
bone formation, in primate species needs further clarifi-
cation. A concerted effort should now be devoted to
evaluate recombinant hTGF-b proteins both singly or
in synergistic binary applications with recombinant
human osteogenic proteins to morphologically and
mechanistically initiate induction of bone formation in
clinical contexts.
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