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Abstract

Bone tissue has been shown to contain numerous cell-
to-cell signalling peptides called growth factors.
These growth factors are thought to have important
regulating effects for bone remodeling and bone heal-
ing, due to their potent effects on bone cell metabo-
lism. In vivo studies over the last half decade have
demonstrated that growth factors can stimulate bone
formation and bone healing. These results have made
bone growth factors candidates for future clinical use
in orthopedic surgery. In numerous clinical situations
enhanced bone formation and bone healing could lead
to improved results of surgical procedures. This thesis
describes the most important bone growth factors and
their actions in vitro and in vivo. In vitro investiga-
tions of growth factor effects on osteoblast chemotax-
is and metabolism are described as well as in vivo
studies with growth factor stimulation of fracture
healing and bone healing to prosthetic-like implants.
In vitro results: Several growth factors exhibited
chemotactic effects towards human osteoblasts. TGF-
81 and PDGF-BB had the strongest chemotactic ef-
fects, whereas PDGEF-AA, IGF-1, and IGF-2 had less
but significant chemotactic effects towards human os-
teoblasts. TGF-B1 exhibited the highest chemotactic
potency with maximal activity at 100 pg/mL, whereas
the other growth factors had maximal effects at 10—
100 ng/mL. BMP-2 was found to have chemotactic
effects toward human osteoblasts, human bone mar-
row osteoprogenitor cells, and U2-OS osteosarcoma
cells. BMP-4 and BMP-6 were without any chemo-
tactic effects towards these celltypes. Human bone
marrow osteoprogenitor cells were the most respon-
sive celltype to BMP-2 stimulation. Growth factor
combinations resulted in synergic stimulative effects
on different metabolic functions on human osteo-
blasts. Combinations with TGF-81 and PDGF-BB
strongly stimulated proliferation and chemotaxis.
Combinations with TGF-81, PDGF-BB and BMP-2
strongly stimulated an osteoblast differentiation
parameter (alkaline phosphatase activity). The differ-

ent growth factor combinations had no effect on col-
lagen synthesis in human osteoblasts.

In vivo results: Continuous application of 1 and 10
ug natural TGF-8 to a plated tibial osteotomy in rab-
bits increased mechanical bending strength and callus
formation at 6 weeks observation. Diaphyseal cortical
bone remodeling was not affected by the local growth
factor application.

In a dog model with unloaded implants surrounded
by a gap, 0.3 pg rhTGF-81 adsorbed to gritblasted tri-
calcium phosphate coated implants, was able to en-
hance mechanical fixation, bone ingrowth and gap
bone formation. 3.0 pug thTGF-81 had less but signif-
icant stimulative effect. In a weight-loaded model, 0.3
pg rhTGF-B81, adsorbed to gritblasted tricalcium
phosphate coated implants, was able to enhance bone
ingrowth, without enhancement of mechanical fixa-
tion. In the unloaded model, 0.3 ug thTGF-81, ad-
sorbed to gritblasted hydroxyapatite coated implants,
was able to enhance bone ingrowth, without enhance-
ment of mechanical fixation. 3.0 ug thTGF-81 had no
stimulative effects.

The establishment of a biological implant fixation
concept with growth factor absorbed to ceramic coat-
ings of implants was successful. These data are prom-
ising for a possible future clinical usage of growth
factors, especially for enhancement of bone healing to
cementless prosthetic components.
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Definitions and abbreviations

Definitions

Bioactivity The level of activity to biological pro-
cesses by a peptide regulator molecule. Is modified
by physical environment and other biochemical
regulators.

Bioavailability The amount of peptide regulator
molecules accessible to responsive cells.

Bone healing The cellular and biochemical events
that initiate and maintain healing of bone lesions.
Bone induction The biochemical stimulation of

new bone formation at an ectopical location.

Bone matrix The substance between cells in bone
tissue. Consists of numerous different proteins and
glycoproteins in which calcium phosphate mineral
is deposited.

Bone remodeling Regulation of bone volume
through bone resorption and bone formation at ana-
tomically distinct foci.

Chemotaxis The directed cell migration controlled
by a biochemical concentration gradient.

Cytokine Peptide regulator molecule that regulate
cell to cell interactions mainly for the immuno-
logical system.

Growth factor Peptide regulator molecule that reg-
ulate local cell to cell metabolism and with general-
ly stimulative effects.

Osteoblast The metabolic active bone forming cell.
Derived from the mesenchymal cell liniage.

Osteoclast The cell capable of bone resorbtion. De-
rived from the hematopoetic monocytical cell lin-
iage.

Osteogenesis The cellular and biochemical process-
es that takes place during bone formation and bone
healing.

Osteoconduction Enhancement of bone formation
due to a favourable physi cal environment and/or
structure of the area where new bone formation will
take place.

Abbreviations

AP Alkaline phosphatase

BMP Bone Morphogenetic Protein
EGF Epidermal Growth Factor

ELISA  Enzyme Linked ImmunoSorbent Assay
FGF Fibroblast growth factor

HA Hydroxyapatite

IGF Insulin Like Growth Factor
PDGF Platelet Derived Growth Factor
RIA Radio Immuno Assay

TCP Tricalcium phosphate

TGF-8  Transforming Growth Factor Beta
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Introduction

Principles for enhancement of bone healing
and bone formation

Three basic principles exist for enhancement of bone
healing and bone formation. When investigating the
possibilities for experimental enhancement of bone
healing, these principles must be considered: bone in-
duction is new bone formation from determined os-
teogenic precursor cells; bone conduction is enhanced
bone formation due to a favorable structural environ-
ment where bone is formed; and stimulation of bone
genesis effectuated by modulations of the natural bio-
chemical processes that initiate and maintain bone
formation during a healing response (Table 1).

Table 1. Principles for enhancement of bone healing and
bone formation

Osteoinduction Osteogenesis Osteoconduction
Growth factors
Ca/P ceramics
Bone autograft

Porous coatings
Ca/P ceramics
Bone allograft

Bone precursor cells
TGF- superfamily
Bone autograft

Bone induction can be obtained by two approach-
es. 1) Cell mediated: Bone precursor cells can be har-
vested from bone marrow and placed in, for example,
bone defects that need bone induction to heal suffi-
ciently. Bone precursor cells can also be cultured
from crude bone marrow, and by this method large
numbers of bone precursor cells can be obtained for
bone induction. During osteoinduction, osteogenic
precursor cells placed in both a osseous and a non-
osseous biological environment can proliferate and
differentiate to form mature osteoblasts, which form
bone matrix that subsequently mineralize to mature
bone tissue. 2) Growth factor mediated: A special
family of growth factors called bone morphogenetic
proteins (BMP’s) have a unique property of stimulat-
ing mesenchymal stemcells to differentiate towards a
chondro- and osteoblastic lineage. Local application
of BMP’s, produces extensive bone induction and this
principle can be used for creating bone formation in
bone defects and as substitute for bone grafts. After
implantation of autologous bone graft, bone forma-
tion is probably accomplished by both the cell and
growth factor mediated bone induction, which occurs
with viable precursor cells from the bone marrow

stroma and BMP growth factors released from the
bone matrix.

By bone conduction, normal bone formation is
helped to extent into an area due to a favorable struc-
tural environment where the bone conductive materi-
al serves as a scaffold for new bone formation. An ex-
ample is porous coatings with the optimal pore size of
100-400 um, which are able to favor bone ingrowth
into endoprosthetic components. The use of allogenic
bone grafts and other processed bone graft materials
most likely serves mainly as bone conductive materi-
al. Ceramics, like calcium phosphate ceramics and
glass ceramics, have osteoconductive properties, but
are also hypothesized to stimulate osteogenesis by re-
leasing non-organic mineral-ions, which activates
cellular processes during bone formation and heal-
ing.! Bone matrix is a storage for growth factors that
participate in activation and maintenance of cellular
processes during bone formation and healing. Some
of these growth factors have been shown to be able to
accelerate bone formation and bone healing when ap-
plied locally to both intact and healing bone tissue.
This principle is pure stimulation of osteogenesis.

The main topic of this thesis is to describe in re-
view and from experimental studies the possibilities
for biochemical stimulation of osteogenesis.

The clinical problem of impaired bone
healing

Inadequate bone stock and impaired bone healing are
potential problems in various clinical situations in or-
thopedic surgery and new approaches for enhance-
ment of bone healing could improve clinical outcome
in these situations. Type III complicated fractures of-
ten heal insufficiently resulting in pseudarthrosis for-
mation due to extensive soft tissue damage and subse-
quent bone loss. Surgical treatment of bone tumors
often leaves large defects which heal inadequately
and require extensive bone grafting for acceptable
clinical results. In spine surgery, large amounts of tra-
becular bone grafts are used for several procedures
where spondylodesis is required. In endoprosthetic
surgery, late loosening of the prosthetic components
is a problem, both in primary and especially in revi-
sion joint replacements.2 Loosening is partially as-
cribed to inadeduate initial bone ingrowth, which may
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be improved by enhanced bone healing. Stimulation
of local bone healing and bone formation could im-
prove clinical results in the above mentioned situa-
tions. At present, all of the mentioned clinical prob-
lems with impaired bone healing are primarily solved
by extensive use of bone graft material. Free vascular
bone grafts are used in situations where mechanical
stability is essential. However, such procedures re-
quire highly specialized surgical capacity and prolong
operation times. Autologous bone graft from crista il-
iaca is the main source of trabecular bone grafting
material and has a well documented osteoinductive
capacity. The bone harvest procedure, however, pro-
long surgery and may subject the patient to postopera-
tive discomfort and morbidity.# Allogenic bank bone
is also extensively used, but the bone graft often dis-
integrates over time and provides only osteoconduc-
tive properties. However, in revision endoprosthetic
surgery, new methods of impacted milled allograft
have been used with success.’

A number of newly developed artificial bone mate-
rials are presently being evaluated as graft material
over the last decade. These include bioactive glass ce-
ramics, porous synthetic and coral hydroxyapatite ce-
ramics, biodegradable calcium carbonate and combi-
nations of collagen and ceramics. These products may
provide osteoconductive properties and at least glass
ceramics have some favorable biomechanical proper-
ties.® However, the final role of these new products in
clinical use have not been reached.

The principle of distraction osteogenesis, as seen in
the lllizarov technique, is an independent method for
stimulation of bone formation with an enormous bone
forming capacity.” This method has revolutionized
the treatment for diaphyseal bone lengthening and the
possibility of bone transport 1o fill large defects. Bio-
chemical stimulation of bone healing is a new ap-
proach to the above mentioned clinical problems and
this concept has become increasingly relevant with
the discovery, more than a decade ago, of peptide reg-

ulator molecules called growth factors. Growth fac-
tors have been found in all tissues and are today
known to regulate local cell-to-cell metabolism and to
mediate cellular effects of various hormones. Bone
matrix is now known to be a large reservoir for nu-
merous growth factors that have been suggested as
regulators of bone remodeling and initiators of the
bone healing process.® In vitro studies have docu-
mented that bone growth factors exert numerous reg-
ulating effects on bone cells,” while in vivo studies
have shown that a small number of growth factors can
stimulate the bone healing processes in animals.10-12
These data are promising for future possibilities for
growth factor stimulated bone formation and bone
healing in orthopedic surgery.

Aim of present studies

Basic mechanisms of osteoblast reactions to growth

factors were investigated in in vitro studies.

The experiments performed aimed to investigate:
1) in vitro chemotactic effects of bone growth fac-

tors on human bone cells (II, I1I),

2) in vitro effects of growth factor combinations on
human osteoblast meta bolism and chemotaxis
aw.

In vivo, our objective was to investigate the ability
of transforming growth factor beta (TGF-B) to stimu-
late bone healing in clinically related animal models:
1) in vivo effects of TGF-B in an experimental tibial

osteotomy in rabbits with continuous application
of the growth factor (I),

2) to establish a new biological implant fixation prin-
ciple with TGF-8 incorporated onto the ceramic
coating of implants (V),

3) to characterize stimulative effects of the new im-
plant fixation principle in canine models with dif-
ferent ceramic coatings and implant loading con-
ditions (VI, VID).
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Growth factors and bone physiology

Bone biochemistry

Bone consists of cells and extracellular matrix; the
latter is comprised of 35% organic and 65% inorganic
components.!3 The inorganic components are mainly
calcium and phosphate as hydroxyapatite. The organ-
ic components of bone matrix are traditionally divid-
ed into collagen and non-collagenous proteins. Type I
collagen constitutes more than 90% of the organic
material in bone matrix and is the major structural
protein of bone. The remaining 10%, the non-collage-
nous proteins, have different regulatory functions for
mineralization, mediation of cell-to-matrix binding,
and various interactions with structural proteins, such
as collagen. (Table 2). Osteocalcin (or bone gla-pro-
tein, BGP) and osteonectin, the two most abundant
non-collagenous proteins, have specific calcium
binding properties; they have therefore been proposed
as initiators of hydroxyapatite crystal growth during
mineralization.1%15 Osteopontin and bone sialopro-
tein contain special amino-acid sequences that con-
nect to adhesion-receptors on bone cells.!6 Osteopon-
tin may anchor osteoclast during bone resorption via
vitronectin receptors.!? Trombospondin also bind cal-
cium and osteonectin.!® Bone growth factors consist
of less than 1% of the non-collagenous proteins.

Table 2. Organic components in bone tissue

The proteins in bone  Size (kD)  Fraction (%)

Type I Collagen 320 90
Type V, VIII, XII <l
Osteocalcin 065 15
(Bone gla-protein)

Osteonectin 33 25
Phosphoproteins

-Osteopontin 3 02
-Bone sialoprotein 34 1.0
Trombospondin 150 0.2
PS-S1, Biglycan i 1.0
PS-S2, Decorin 120 0.2

Bone growth factors <0.1

Modified after Sandberg!?!

Function

Bone growth factors

Besides from structural proteins, bone matrix also
contains small amounts of very potent regulators of
bone cell metabolism. These proteins, called bone de-
rived growth factors, are produced by osteoblasts and
incorporated into the extracellular matrix during bone
formation, but small amounts can also be trapped sys-
temically from serum and incorporated into the ma-
trix. The growth factors are located within the matrix
until remodeling or trauma causes solubilization and
release of the proteins.1?2% After release, the growth
factors are able to regulate osteoblast- and osteoclast
metabolism during bone remodeling and may initiate
and control a healing response after bone trauma.
Thus, they are recognized to be the main regulators of
bone-cell metabolism.

The bone growth factors exhibit their effects only
in the local cellular environment, thereby stimulating
neighboring bone cells to proliferate and increase ma-
trix protein synthesis (paracrine effects). Likewise,
the osteoblasts, which produce the growth factors, can
stimulate themselves to additional metabolic activity
(autocrine effect). The total number of growth factors
which are able to affect proliferation, differentiation
and secretive functions of bone-related cells is un-
known, but the number is continually expanding as a
result of the novel advanced research techniques in
protein biochemistry and molecular biology.

Major structural protein, gives tensile strength
Associate with type I fibrils to control collagen fibril structure
Binds hydroxyapatite

Binds calcium

Bind calcium and cells

Binds calcium, osteonectin and cells
Modulates matrix organization
Modulates fibril formation. Binds TGF-8 and modulates activity

Regulate balance between bone formation and bone resorption.
Initiate healing response after bone trauma
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Table 3. In vitro effects of growth factors on osteoblasts

Proliferation  Alk. phos.  Coll. synth. Non-coll. synth. Chemotaxis

TGF-81 +++ — [+
BMP-2, 3 0 ++?
BMP-7 + +++
PDGF-BB ++ 0/—
PDGF-AA + 0
IGF-1 ++ 0
IGE-2 + 0
FGF-basic + 0
FGF-acidic 0 0
- 0

EGF

Normal skeletal growth and bone remodeling re-
sults from a balance between the processes of bone-
matrix formation and resorption. These activities are
regulated both by systemic and local factors. Several
systemic hormones are known to have important ef-
fects on bone metabolism and have been studied ex-
tensively.?! The pathways triggered by these hor-
mones in the target cells are however much less well-
known. A number of polypeptide growth factors have
significant effects on bone and cartilage metabolism;
this suggests an important role for these growth fac-
tors in mediating hormonal responses locally. But
they also suggest a local metabolic regulation of bone
metabolism, without the influence of systemic hor-
mones. Growth factors augment cell replication and
contribute to stimulation of differentiation and meta-
bolic functions of bone cells (Table 3). They exhibit
their effects through binding to membrane-bound re-
ceptors. This leads to a cascade of intracellular events
which affect the expression of genes that encode for
such metabolic functions as cell division and protein
synthesis.

The following growth factors are the most impor-
tant in bone tissue: Transforming growth factor- beta
(TGF-f) exist in 5 different subtypes. Bone and plate-
lets contain high amounts of this growth factor. TGF-
B is probably the most potent multifunctional regula-
tor of bone cell metabolism. Bone morphogenetic
proteins (BMP’s) exist in 12 different subtypes and
are the only growth factor known to stimulate the
mesenchymal stem-cells to differentiate into osteo-
blastic and chondroblastic lineage. Platelet-derived
growth factors (PDGF ) exist in three isotypes and are
potent stimulators of both proliferation and matrix
protein synthesis. The insulin-like growth factors
(IGF I and II) are produced by osteoblasts. IGF-1I is
the growth factor found at highest concentration in
bone matrix. The synthesis of IGF-I is mediated
through growth hormone. IGF’s primarily stimulate

T +/— +++
0 ND +
+ 0 ND
0 0 +++
0 0 +
+ 0 -
0 0 +
0 0 +
0 0 0
0 0 0

the proliferation of undifferentiated osteoblasts.
Fibroblast growth factor (FGF's) are present in bone
matrix and are secreted by isolated osteoblasts. FGF-
basic is found in bone matrix at a tenfold higher con-
centration than FGF-acid. FGF’s are primarily a mito-
gen in normal bone cells.

Growth factors
Transforming growth factor-beta (TGF-f8 )

TGF-B’s are multifunctional cytokines with a broad
range of biological activities. These include regula-
tion of growth and differentiation of many cell types,
and in general, TGF-B has stimulative effects on cells
of mesenchymal origin and inhibitory effects of cells
of ectodermal origin. TGF-8 belongs to a family of
related proteins, which demonstrate various degrees
of amino acid sequence homology; this protein family
is called the TGF-8 superfamily.22 Other members of
this family include the bone morphogenetic proteins
(BMP’s) and the embryonical growth factors inhibin,
activin and Miillerian substance.8 The secreted pre-
cursor protein is biologically inactive and is called la-
tent TGF-B.23 Activation and cleavage to the mature
peptide occur both in acidic environment and in vivo
also through an unknown enzymatical reaction. A to-
tal of 5 subtypes of TGF-8 have been found until now,
and are named TGF-B 1 to 5.24-26 Since almost all cell
types have TGF-B receptors, the modulation of TGF-8
effects is probably regulated through activation of la-
tent TGF-B.

Bone and platelets contain almost 100 times more
TGF-8 than any other tissue, and osteoblasts bear the
highest amount of TGF-8 receptors.2’28 These find-
ings suggest that TGF-B is of major importance for
bone metabolism. TGF-8 has profound in vitro effects
on osteoblasts (Table 3). In mouse calvarial osteo-
blasts and murine osteoblastic cell-lines, TGF-8
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inhibits proliferation and alkaline phosphatase activ-
ity.2%30 In rat calvarial and human osteoblasts and
corresponding cell-lines, TGF-8 increases cell prolif-
eration.3132 The effects of TGF-B on bone-cell differ-
entiation is controversial. Both collagen production
and collagen gene expression can be stimulated by
TGF-8.3334 But alkaline phosphatase activity and ex-
pression is generally decreased by TGF-8 stimula-
tion, 3934 and in vitro mineralization is also inhibited
by TGE-B.35

The first in vivo studies demonstrating stimulatory
effects of TGF-B on bone formation used injections of
TGF-B into rat and mice calvaria and revealed a
marked increase in bone formation.1%3¢ In a study us-
ing a calvarial defect model in rabbits, TGF-B in a
methyl cellulose gel carrier was able to stimulate
bone-healing of otherwise non-healed defects.3”
However, a recent study in baboons found only minor
bone stimulatory effect of TGF-8 in calvarial de-
fects.3® Systemic administration in rats and rabbits
causes endosteal bone formation and generalized os-
teoblast hypertrophy with high matrix protein synthe-
sis activity.’? In monkeys, TGF-B caused no effects
on bone ingrowth into a titanium bone ingrowth
chamber, but the newly formed bone demonstrated a
markedly increased osteoblastic activity.*® TGF-8 ap-
plied continuously to a healing osteotomy in rabbits
stimulated increased callus formation and increased
maximal bending strength of the osteotomy (I). Our
own studies have demonstrated stimulatory effects of
rhTGF-81 on bone healing to both unloaded and
weight loaded TCP and HA ceramic coated implants
in dogs (V=VII). The in vivo data on TGF-B8’s ability
to stimulate bone formation are very promising and
TGF-8, along with the bone morphogenetic proteins,
are probably the most realistic candidates for growth
factors to be used as stimulators of bone healing and
bone induction in clinically related situations within
orthopedic surgery.

Bone morphogenetic proteins (BMP’s)

In 1965, Marshall Urist made the discovery that dem-
ineralized bone matrix (DBM) could induce bone for-
mation when placed ectopically in subcutaneous tis-
sue.4! He observed that DBM caused formation of a
complete ossicle with mineralized woven bone and
bone marrow. The ability of demineralized bone ma-
trix to induce bone formation was ascribed to a pro-
tein which Urist named “Bone Morphogenetic Pro-
tein (BMP)” 4243 In 1988-1989 Elizabeth Wang and
John Wosney from the Genetics Institute purified
three different BMP’s and characterized their amino
acid sequences. 4445 Later, nine additional BMP genes
were identified by analogous techniques, so that to-

day BMP’s 1 to 12 have been identified.46-48

BMP’s exert their effects through recently identi-
fied receptors. These receptors are heteromeric com-
plexes of type I and II serine/threonine kinase recep-
tors. BMP 2, 4 and 7 seem to use the same receptor
complex, whereas the other BMP,s use different, as
yet uncharacterized, receptor complexes.4%-51

BMP’s are the only growth factors with a known
ability to stimulate differentiation of the mesenchy-
mal stem-cell in a chondro- and osteoblastic direc-
tion.#252:53 The proteins should therefore be involved
in the maintenance of a differentiated bone-cell popu-
lation. Also, during a healing response, release of
BMP’s from traumatized bone tissue would stimulate
a differentiation response of mesenchymal stem-cells,
which would correspondingly participate in the heal-
ing process. Recent studies have demonstrated, that
BMP’s are expressed during the early phases of frac-
ture healing. 5435 The novel recombinant BMP’s have
intact bone-inducing capacity but need special carri-
ers in order to exert their activity at low doses.6-5
Functional carriers for BMP are collagen matrix,
demineralized bone matrix and various synthetic
polysaccharide matrices.5® The function of the carrier
matrix is to immobilize the bone-inducing protein at a
particular site for a sufficient amount of time in order
to allow bone induction to occur. In vivo studies have
primarily focused on the usage of BMP’s for stimulat-
ing healing of bone defects. In long bone defect mod-
els in rats, rabbits, sheep, and monkeys, BMP-2, 3 and
7 have proven to be powerful stimulators of bony
healing in otherwise nonunion healing.12:61-64 In sim-
ian muscle diffusion chambers, BMP-2 stimulates
bone formation,55:96 while BMP-3 was found to stim-
ulate bony healing of large skull defects in mon-
keys.5? A novel clinical approach has been performed
by Cook, who used BMP-7 and collagen as a substi-
tute for autologous bone in spine fusions in dogs.5”
Although the cellular mechanisms for BMP- stimulat-
ed bone induction are vaguely understood, the in vivo
bone induction activity of this group of growth factors
is unique and the bone morphogenetic proteins are
very promising for clinical use in any situation where
bone defects require stimulation for proper healing.

Platelet derived growth factors (PDGF’s)

Platelet-derived growth factor (PDGF) was originally
discovered in serum as the major mitogenic activity
responsible for the growth of cultured mesenchymal
cells.% The main effect of PDGF on bone cells is mi-
togenic. This effect has been found in both human and
rat osteoblasts and various osteoblastic cell-lines.5%-7!
The most potent isoform is PDGF-BB which can
cause a sixfold increase in thymidine incorporation at
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50 ng/mL.7?2 PDGF is also a powerful chemotactic
factor for mesenchymal cells and this effect is valid
with respect to osteoblasts from both rat and human
tissue’>7 (II). PDGF has only vague effects on meta-
bolic functions of bone cells. In vivo studies have
shown varying potencies of PDGF for the stimulation
of bone formation. Demineralized bone matrix treated
with PDGF and implanted in muscle in rats, showed
increased calcium content and alkaline phosphatase
activity. In rat calvarial defects, PDGF inhibited
BMP-3 stimulated bony healing by increased soft tis-
sue formation.” One study has used a combination of
PDGF and IGF in a gel formulation to stimulate bony
ingrowth into dental titanium implants. Here, an in-
creased bony ingrowth and new bone formation was
found in the growth factor treated implants.”6

Insulin growth factors (IGF’s)

Two IGF’s have been characterized: IGF-I and IGF-
IL. Their original designations were somatomedin-C
and skeletal growth factor.8 These peptides are syn-
thesized by multiple tissues, including bone.””78
IGF-1I is the growth factor found in highest concen-
tration in bone matrix, whereas IGF-I is found in 10~
20 times lower concentration.”® IGF I and II have
similar biological properties, but IGF-I is 4-7 times
more potent than IGF-II. Bone cells also secrete IGF-
binding proteins (IGF-BP’s) which bind IGF and
modulate biological activities. The precise role of the
IGF-BP’s is not fully understood; they may prolong
the half-life of IGF, neutralize or enhance its biologi-
cal activities, or be involved in the transportation of
IGF to its target cells,30-83

IGF production in bone tissue is known to be stim-
ulated by parathyroid hormone and growth hormone
(GH).34-86 The major effect of IGF in bone tissue is
probably its potent effects on cartilage in the growth
plate. Here it is assumed that GH controls longitudi-
nal growth via local stimulation of chondroblastic
IGF production and IGF subsequently regulates chon-
droblastic growth and metabolism.3789 Both IGF-I
and II stimulate osteoblastic cell replication, which
increases the number of cells capable of synthesizing
bone matrix. 2?1 But their mitogenic effect is less
pronounced than other growth factors such as TGF-6
or PDGF-BB.?? IGF’s also have independent effects
on the differentiated functions of the osteoblast, in-
creasing bone collagen production and inhibiting col-
lagen degradation.?3%4 As a result of these effects,
IGF’s increase bone mass.

Several studies have investigated the use of IGF’s
for stimulation of in vivo bone-healing and systemic
bone formation. However, IGF has had limited suc-
cess as a local stimulator of bone-healing. One study

has used a bone ingrowth chamber model with IGF-1-
loaded bone matrix, but found no increased bone for-
mation.?> Another study used continuous local appli-
cation of IGF-1 to a healing osteotomy, but no stimu-
latory effects were found 9. Two studies performed
on rats have investigated effects on bone formation
after systemic administration of IGF-1. They found
increased bone-formation activity after 9 and 14 days
of stimulation as indicated by increased bone weight
and increased osteoblastic activity.97:%8

Fibroblast growth factors (FGF’s)

Fibroblast growth factors are polypeptide growth fac-
tors that exhibit potent mitogenic activities for cells of
mesodermal and neuroectodermal origin.® The FGF
family currently consists of seven members FGF-1
through FGF-7. FGF-1 and FGF-2 are also designated
acidic and basic FGF (aFGF and bFGF) respectively.
FGF’s mainly have a proliferative effect on osteo-
blasts and less effect on protein synthesis. Conse-
quently they probably enhance bone formation by in-
creasing the number of cells capable of synthesizing
bone collagen.?”1% The bFGF is generally more
potent than aFGE.1?! TGF-B synthesis by osteoblasts
can also be stimulated by bFGF, and FGF may there-
fore exert some stimulatory effects through other
growth factors.192 FGF’s are angiogenic factors
which are important for neovascularization during a
healing response and in conjunction with their effects
on bone cell replication, FGF’s may be important fac-
tors in the bone healing process.

Several studies have used bFGF for in vivo stimu-
lation of bone formation and bone-healing. Basic-
FGF has been incorporated into demineralized bone
matrix and implanted intramuscularly in rats. In this
study, FGF-loaded bone maitrix exhibited increased
new bone formation.1! Bone graft incorporation can
also be enhanced by bFGF in bone chambers both by
treatment of the graft with bFGF and by continuous
application by a miniosmotic pump.103104 Fracture
healing in rats has been stimulated by 50 mg bolus
doses of bFGF and caused increased callus formation
and bone mineral content.1%5 Additionally acidic FGF
has been shown to stimulate callus formation during
fracture healing in rats.1% Systemic administration of
bFGF to rats caused increased osteoblast proliferation
and endosteal bone formation.!®” Basic-FGF has been
used to stimulate angiogenesis in molded bone graft.
In this study, bFGF was found to have less effect on
osteogenesis than TGF-B.19%® FGF’s, along with
BMP’s and TGF-B’s, are interesting for possible fu-
ture clinical use especially since FGF’s have both os-
teogenic and angiogenic properties.
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Figure 1. Growth factors that stimulate the different phases
of osteoblast differentiation and proliferation.

Epidermal growth factors (EGF’s)

The epidermal growth factor (EGF) was originally
discovered in crude preparations of nerve-growth fac-
tor prepared from mouse submaxillary glands. EGF is
a small polypeptide growth factor of 6 kD related to
TGF-o. and these two growth factors share the same
170 kD receptor. In vitro EGF is a mitogen for fibro-
blasts and endothelial cells and in vivo EGF induces
epithelial development and promotes angiogenesis.
EGF’s have very modest effects on osteoblast in cul-
ture. Systemic administration of EGF to mice 200
mg/kg/day resulted in increased periosteal and en-
dosteal bone formation and osteoblastic activity.1%?

Other cytokines and factors

Hematological cells secrete cytokines which mainly
are regulators of immunological responses, but which
also may also function as systemic regulators of bone-
cell function. Because of the close proximity of the
marrow cells to bone tissue, some cytokines could act
as paracrine regulators of bone cell metabolism. The
cytokines which have effects on bone cells can be di-
vided into the interleukins (IL-1, IL-3, IL-6), the col-
ony stimulating factors (M-CSF, GM-CSF) and the
tumor necrosis factor (TNF-a). These factors can be
produced by osteoblasts'%1 and probably exert their
main actions in osteoblast-osteoclast interactions,
where colony-stimulating factors stimulate the mono-
cyte/osteoclast lineage of cells, while the interleukins
and tumor necrosis factors inhibit osteoblastic activi-
ty and stimulate osteoclastic activity. Their general
effect on bone tissue is therefore stimulation of bone
resorption, although some studies have indicated
stimulative effects in low doses of IL-1 on isolated
osteoblasts.®11% A non-peptide group of regulator
molecules, the prostaglandins and especially PGE-2,
have been demonstrated to be stimulate both bone
formation and bone resorption. 11112 [ ocal applica-
tion of PGE-2 in vivo leads to massive formation of
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Figure 2. Growth factors released during osteoclastic bone
resorption can stimulate osteoblasts and osteoprogenitor
cells to migrate to the resorption pit and here form new bone
matrix. This could be the so-called coupling effects between
bone resorption and bone formation during bone remodel-

ing.

immature bone and increased levels of IGF-1 in sur-
rounding tissues.!'3 However, in areas of bone re-
sorption high levels of PGE-2 exist. Today, the pre-
cise mechanisms and influence of PGE-2 on bone
physiological events are still unclear.

Actions of growth factors during bone-healing and
bone-remodeling

Bone healing and bone remodeling are the two major
bone physiological phenomena. Research over the
last decade has revealed that growth factors regulate
and control many of the complex cellular events dur-
ing these processes. Besides having individual ef-
fects, the growth factors also mediate the effects of
hormones.1?

The two major events of bone remodeling, bone re-
sorption and bone formation, are closely regulated
and growth factors play a critical role in their control.
The initiation of osteoclastic bone resorption is main-
ly under hormonal control of PTH.114 During osteo-
clastic bone resorption, increasing amounts of growth
factors are released from the resorbed bone matrix.!'4
TGF-8 probably participates in the inhibition of con-
tinued osteoclastic activity.11® In concert with other
released growth factors, BMP’s initiate the differen-
tiation, 16117 whereas other factors like TGF-8 and
IGF’s stimulate proliferation of osteoprogenitor cells
on adjacent periosteal surfaces (Figure 1) Then
PDGF and TGF-8 stimulate chemotactic migration of
osteoblasts to the resorption pit. The differentiated
osteoblasts in the resorption pit maintain bone matrix
synthesis through auto and paracrine stimulation of
secretion of regulating growth factors (Figure 2).8:118
Because of the stimulative effects of growth factors
during the formative phase of bone remodeling, there
is ongoing intensive research directed towards using
systemic administration of growth factors to reverse
the negative bone formation balance in patients with
0steoporosis.
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During the bone-healing process, growth factors
have important functions both for the initiation and
maintenance of differentiation and proliferation of the
osteoprogenitor cells and osteoblasts which contrib-
ute to the formation of new bone. In the early phases
of healing, TGF-8 and PDGF released from platelets
from the blood clot, initiate differentiation of os-
teoprogenitor cells towards an osteoblastic lineage. 119
Growth factors released from the traumatized bone
ends can contribute to continued stimulation of osteo-
blastic activity as well (Figure 3). The initiation of
healing by growth factor released from platelets and
bone tissue stimulates specific expression and synthe-
sis of growth factors by the osteoblasts participating
in the healing process.!?® Very early, after 2 days,
BMP is expressed by periosteal osteoblasts during
fracture healing.>* This synthesis could contribute to
the continuous osteoblastic differentiation of mesen-
chymal stem cells. Later (after 7-12 days), other
growth factors like TGF-8, FGF and PDGF are syn-
thesized by osteoblasts in order to maintain a high
proliferative and metabolic level of the osteoblasts
that are involved in the healing process.2012! FGF’s
are probably important for the angiogenesis in the
newly-formed bone 122

In vivo effects of growth factors in clinically related
studies

Due to the profound importance of growth factors for
bone-healing, extensive efforts have been made to es-
tablish methods by which growth factors can be used
to stimulate local bone-healing and bone formation in
various clinical situations of relevance for orthopedic
and dental surgery. The growth factors from the TGF-
B superfamily (TGF-B’s and BMP’s) are virtually the
only growth factors which have been demonstrated to
possess significant in vivo bone stimulatory capacity
(Table 4). Stimulation of bone formation in bone de-
fects at various anatomical sites has been investigated

for both BMP’s and TGF-8. Beck et al. demonstrated
that a single dose of TGF-8 in methyl cellulose gel
could stimulate bony healing of large calvarial de-
fects in rabbits.3” However, in rabbit femoral condy-
lar defects TGF-B had no effects on bone healing us-
ing the delivery system.123 Ripomonti et al. demon-
strated similar effects of BMP-3 in large calvarial de-
fects in monkeys while TGF-8 exhibited modest ef-
fects. 359 Defects in long bones is another type of
model, where especially different BMP’s have dem-
onstrated potent capacity for inducing bony healing in
otherwise non-healing defects. BMP-2 has been
shown to stimulate 100% bony healing and restore
mechanical strength when applied in a collagenous
matrix carrier to femoral defects in rats and
sheep.1264 BMP-7 has exhibited similar potent stimu-
latory effects in ulna defects in rabbits and mon-
keys.81:63 A recent study by Beck et al. has shown that
a tibial defect fixated by an intramedullary nail dem-
onstrates enhanced bone-healing when the defect is
stimulated with TGF-8 adsorbed to a tricalcium-phos-
phate (TCP) ceramic.124 In a spine fusion model in
dogs, Cook et al. have shown that BMP-7 together
with a collagenous matrix carrier can induce bone for-
mation to an extent comparable to the bone formation
seen after usage of autologous bone grafting.8
Biochemically enhanced fracture healing was an
early expectation when the potency of growth factors
first emerged, but only few experimental studies have
successfully demonstrated enhanced fracture healing.
In a plated rabbit tibiae osteotomy mode! stimulated
by a continuous administration of TGF-8, the growth
factor stimulation leaded to increased mechanical
strength and callus formation of the osteotomies after
six weeks (I). Another fracture study used TGF-8 in-
jections to rat tibial fractures and also demonstrated
increased mechanical strength and callus formation as
a result of the local growth factor application. 1?5
Growth factor enhanced healing of implants is an-
other interesting area for orthopedic research. An ear-
ly study from 1991 by Lynch et al. demonstrated in-
creased bone ingrowth and bone formation in dental
implants stimulated by a combination of PDGF and
IGF-1 in a canine model, where the implants were
implanted in press fit in root canals.”® The positive
results from this study have neither been followed up
nor reproduced. Recent studies have demonstrated
that thTGF-B1 adsorbed to the ceramic coating of un-
loaded implants inserted into trabecular bone of ma-
ture dogs can stimulate mechanical anchorage, bone
ingrowth and gap healing of the implants (V).126 Also
in dog models, similar stimulative effects of rhTGF-
31 to unloaded implants coated with hydroxyapatite
ceramic and to weight loaded tricalcium phosphate



Acta Orthop Scand (Suppl 283) 1998; 69

13

Table 4. Important in vivo studies using growth factors in clinically related models

Author Year Animal Model

Beck 37 1991 Rabbits  Calvaria defects

Lynch 76 1991 Dog Dental implants

Ripomonti ¥ 1992 Monkey Calvaria defect

Yasko 12 1992 Rat Femoral defects

Cook 63 1992 Rabbit  Ulna defect

Lind () 1993 Rabbits  Tibial osteotomy

Cook o1 1993 Monkey Ulna defect

Nielsen 125 1994 Rat Tibial fracture

Kirker-head ® 1994 Sheep  Femur defect

Cook ¢7 1994 Dog Spine fusion

Beck 124 1995 Rabbit  Tibial defects
Intramedullary nail

Lind (V) 1996 Dog TCP coated unloaded
implants

Lind (VID) 1996 Dog HA coated unloaded
implants

Lind (VI) 1996 Dog TCP coated implants
weight loaded

Ripomonti 3 1996 Baboons Calvaria defects 25 mm

coated implants, although to a lesser extent (VL VII).
Generally studies have used an observation period of
less than two month, thereby investigating the effects
of the applied growth factors in the early healing
phase. In this critical phase rather high stimulative ef-
fects have been found, with up to 200% increases in
bone formation or mechanical parameters. Whether
these stimulative effects is maintained over a longer
time period is still undetermined. Also the stimulative
effects are found in very controlled animal studies

Dose Effects

3 pg, one dose Induction of bony healing
4 weeks

PDGF & IGF in gel Improved bone ingrowth

100 pg BMP-3 Healing compared to non-union

in controls

15 ug BMP-2 100% healing and restoration

of strength

3-400 pg BMP-7 Healing compared to

non-union in controls

1 and 10 pg TGF-6/d
6 weeks

1-5 mg BMP-7

Increased callusformation.
Higher bending strength

Healing compared to non-union
in controls

4 and 40 ng TGF-6/d Increased callus formation.

40 days Higher bending strength

1-5 mg BMP-2 Healing compared to non-union
in controls

1 mg BMP-7 Healing comparable to

autologous bone

TGF-B in TCP ceramic  Enhanced healing

0.3 and 3 ug TGF-B/d  Increased bone ongrowth, gap

6 weeks healing, and mechanical fixation
0.3 and 3 ug TGF-6 Increased bone ongrowth

6 weeks

0.3 ug TGF-B Increased bone ongrowth

6 weeks

5, 30, 100 ug TGF-B Sparse bone formation

30 days

with varying resemblance to clinically related situa-
tions, where patient related factors may dominate a
healing response.

In conclusion, research during the last 5 years has
shown increasing evidence that growth factors can be
used as in vivo stimulators of bone-healing and bone
formation and therefore has the potential to become a
new therapeutic possibility in a variety of clinical sit-
uations in orthopedic surgery.
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Methodological considerations

Cell culture

Primary osteoblastic cultures can be obtained by tis-
sue explant method or sequential bone tissue diges-
tion. With the fissue explant method, cells migrate
from bone chips onto plastic or glass surface of a cul-
ture dish.12’ Most commonly, bone chips are first
treated with collagenase to remove connective-tissue
cells and bone marrow cells that adhere to the bone
surface. This culture method gives an osteoblast cul-
ture with a high purity, but a varying degree of differ-
entiation.!?” The explant method is suitable in situa-
tions where the available bone tissue for culture is
limited or cell growth is slow, for example culture
from adult bone tissue. Problems with this method is
the growth of cells with a different proliferative ca-
pacity and different degree of maturation. The other
method for primary culture uses sequential digestion
of bone with collagenase (20-30 min steps). This
causes the release of different bone cell popula-
tions.128 The initially released cells are periosteal
fibroblasts and immature osteoblast and osteoclasts,
whereas the subsequently released cells are more ma-
ture osteoblasts. The phenotype of cells released by
this method is closer to the osteoblasts seen in bone
tissue. But there are a number of disadvantages with
the technique; cell isolation is complicated and time-
consuming. The number of cells isolated by this
method is low and considering the slow growth of
cells in vitro, it takes a long time (weeks to months) to
obtain enough cells for experiments. Also, the advan-
tage of stable cell phenotype is quickly lost if the cells
are passaged more than a few times.

Osteoblasts can be released from bone from several
animal species. The choice of species must depend
on purpose of the study and which types of bone tis-
sue are available for culture. Most of the in vitro stud-
ies that investigate effects of hormones and growth
factors have used rodent primary cultures or cell
lines.12? Mainly because of the easy access to rats and
mice in most biological laboratories and the fact that
cells released from rodent bone tissue grow fast and
are easy to maintain, If the objective is to relate in vit-
ro data to human bone physiology, then is it essential
to use human bone cells despite problems with limit-
ed availability and slow growth. We used human pri-
mary osteoblast cultures that were released by the tis-
sue explant method (II-IV), and gained thereby the
advantage of being as close to human bone physiolo-

gy as possible. The explant method enabled us to pro-
duce cultures from limited bone resources obtained
from hip and spine surgery and we were able to pro-
duce a homogenous culture with phenotype character-
istics of osteoblasts e.g. osteocalcin producing and
vitamin D; inducible alkaline phosphatase activity.
We controlled the osteoblastic phenotype of random
selected cultures to ensure a stable phenotype in our
osteoblast cultures. Cells were characterized for
osteoblastic phenotype by type I collagen and osteo-
calcin immunostaining for which cells were more
than 95% positive. Vitamin D, stimulation caused in-
crease in alkaline phosphatase activity and osteocal-
cin production. Parathyroid hormone stimulation
caused an increase in intracellular cAMP levels.

Due to the known osteogenic potential of bone
marrow, marrow stromal osteoblast-like cells were
cultured and used in study (III). These cells are isolat-
ed as cells capable of plastic adherence in the mono-
nuclear fraction of bone marrow cells. Although the
cells generally show a large phenotypic variability,
they express the characteristics of the osteoblastic
phenotype. Marrow stromal osteoblasts represent un-
differentiated osteoblasts permitting studies of the os-
teoblast differentiation process.130

In vivo model considerations
Experimental animals

Many animals species, from mice to monkeys, have
been used for investigation of the in vivo effects of
growth and healing promoting agents in bone. Many
aspects must be considered before choosing an exper-
imental animal. The phylogenetically lower animals
like mice and rats have been used extensively for
studies of basic bone physiology. Such animals are
advantageous because large amounts of data and ob-
servations from previous related studies are available.
Also, homogenous populations are readily available
at low cost, and the experimental procedures can be
relatively simple. For clinically related studies, mice
and rats are, however, disadvantageous because their
bone physiology with regard to bone remodeling and
bone healing is different from that of human bone,
and the amount of bone available for simulating vari-
ous operative procedures is very small. Rabbits, with
a larger bone mass that allows clinically related oper-



Acta Orthop Scand (Suppl 283) 1998; 69

15

ative procedures while still having advantages such as
low cost and simple handling at experimental proce-
dures, are an alternative to rats and mice. For these
reasons rabbits were used for the osteotomy study (I).
Larger animals such as dogs, pigs, sheep and mon-
keys are all well suited for advanced experimental
surgical procedures, and the bone physiology and
structure of these animals is close to that of humans.
For these reasons, dogs were used for our implants
experiments (V-VII). However, these animals are ex-
pensive and their handling for experiments is general-
ly technically demanding.

Design of in vivo studies: All in vivo studies were
designed to have optimally controlled conditions for
investigations of growth factor effects. In all dogs
studies (V-VII), intra individual control was avail-
able due to the possibility of having several implants
in each animal. In the osteotomy study in rabbits (I),
however, intra individual control was not possible due
to animal ethical considerations, where bilateral os-
teotomies would have caused unacceptable stress on
the animals. In the canine studies, random alternating
location of implants was performed in order to avoid
the possible bias that the right/left and medial/lateral
location could introduce due to regional differences in
bone density and bone turnover.

In all in vivo studies the observation period was 6
weeks. This observation time was chosen on the basis
of the wish to observe early effects of growth factor
stimulation on the different healing situations. The 6
weeks represent in both rabbits and dogs a time peri-
od where new bone formation occurs and the healing
process is still in an active phase. Also, bone remodel-
ing is still only occurring to a limited degree. Such an
observation period will theoretically be optimal for
investigating enhancement of the osteogenetic pro-
cesses, which exogenously applied growth factors ef-
fectuate.

The number of animals used in each study (n) was
selected to be 10; this number enabled detection of
significant effects of growth factor stimulation if 50%
change in the investigated parameters was found (d).
These calculations were based on a standard deviation
(SD) of 50% of the mean values. This value was
known from previous studies in the same models
where SD’s ranged from 0.2-0.3 of mean values for
histological parameters and up to 0.5 of mean values
for mechanical parameters.131 (Z) level of signifi-
cance = 1.96 SD.132

n>2 ((—)-(—)Z dSD Y < n>2 (——1'960’.‘50'5)2 n>77

With 10 animals we were able to demonstrate sig-

nificant difference even if one or two animals were
lost during the study.

The risk for an error of the first degree (o) was for
two-tailed significance analysis = 1.96 SD: corre-
sponding to the chosen level of significance = 0.05.

The risk for an error of the second degree (8) with
above mentioned assumptions was:

(By,) SD value of (B) in a normal distribution.132

(Blb) = !\/IISZZD) xd _ Z

By) = ‘/103 X 05 _1.96=0.276 SD
in a normal distribution table.
3=0.394

This is unfortunately a relatively high risk for false
negative result, but with the given variation in the
data and the resources for including animals in the
study, we could not achieve any better risk for an er-
ror of the second degree.

Growth factor for in vivo studies

The BMP’s have recently become commercially
available but are patent protected. They are produced
by only two companies, both of which have very strict
policies for engagements in preclinical research
projects. Our initial contact to both companies invit-
ing to collaboration was unsuccessful. For this reason,
we used natural TGF-8 purified from human platelets
(1), and recombinant human TGF-81 for our implant
studies provided by Genentech Inc. San Francisco,
USA for our in vivo studies (V-VII). '

The natural TGF-8 used in study I was produced by
our group according to the methods described by As-
soian.133 The technique was based on protein extrac-
tiorf from extensive amounts of human platelets and
purification by sequential gelfiltration columns. Puri-
ty and identification of TGF-8 was based on silver
stained SDS-page electrophoresis and reverse-phase
HPLC electrophoresis. With this method we were
able to obtain a biological active extract which was
tested for biological activity in a fibroblast collagen
production assay.134 Since the TGF-8 in study I was
released from pumps over a period of 3 weeks, we
tested the bioactivity after 3 weeks at 37 °C, and
found intact biological activity using the fibroblast
collagen assay. The recombinant TGF-8 was pro-
duced by Genentech Inc. San Francisco, USA. Re-
combinant human TGF-8 type 1 was produced by a
Chinese hamster ovary cell expression system and
processed to 98% purity.
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Figure 4. The experimental osteotomy model consisted of a
plated unilateral mid-tibial osteotomy. The continuous
application of growth factor was accomplished by a mini-
osmotic pump placed subcutaneously on the thigh.

Growth factor doses

In the osteotomy study, a dose of 1 and 10 pg TGF-8
daily was used. These doses were chosen on thé back-
ground of studies in rats which had found stimulative
effects on bone formation of 0.3 to 1.0 ug TGF-8 dai-
1y.10:36 With the large bone size in rabbits and the con-
tinuous application method of TGF-8 to the osteoto-
my line, the above mentioned doses were chosen.

In the canine studies, single doses of 0.3 and 3.0 pg
thTGF-B1 were adsorbed to the ceramic coating of
the implants. These doses were chosen on the back-
ground of pilot studies in sheep performed by DePuy
Inc. Warsaw, Indiana, USA, which had demonstrated
that higher doses on ceramic coatings lead to fibrous
tissue overgrowth. These doses of study V-VII are
relatively low compared to previous in vivo studies
and study 1. But the ceramic coatings were expected
to act as a favorable carrier of the growth factor,
thereby increasing the bioavailability and bioactivity.
This phenomenon has been described experimentally
when rhTGF-81 where adsorbed to hydroxyapatite
crystals. In this system nanogram doses stimulated
bone formation.135

Osteotomy model

Osteotomy models are interesting because of their
close resemblance to the clinical fracture healing situ-
ation. They can be performed in both small and larger
animals. 125136137 Mid_diaphyseal fractures or osteot-
omies are typically used. Fracture fixation by means
of osteosynthesis or intramedullary nailing is neces-
sary and a standardized fixation procedure is essential
for reproducible results. Studies that investigate stim-
ulation of fracture healing encounter problems with
the application of stimulating agents. Systemic ad-
ministration is possible for some agents (e.g. growth
hormone) while other agents (e.g. growth factors) re-
quire local application by pumps or injections.
125,138,139

We chose a plated tibial mid-diaphysial osteotomy
model in rabbits as a model for testing the ability of
TGF-B to stimulate bone formation in a clinically re-

Figure 5. The unloaded implant is centralized in the drilled
canal in the femoral condyle surrounded by a 2 mm gap. The
deep part of the implant is fixed by the footplate in press-fit.
A titanium washer centralizes the implant superficially.
From Sgballe et al., Clin Orthop 1992; 274: 282-93.

lated model (I). This model had previously been used
in our laboratory for studies of exogenous application
of bone healing promotive agents and we therefore
used the experience of those previous studies regard-
ing surgical procedures and data analyses.!13-140 The
model employed miniosmotic pumps to deliver the
growth factor continuously to the osteotomy site in a
buffer solution (Figure 4). We considered this appli-
cation method advantageous because it enabled pre-
cise application to the area where stimulation of bone
healing was desired. Daily injections have also been
used as growth factor administration method to bone
surfaces, 1036 but the method creates a minor trauma
with each injection which may disturb the healing
process; such minor trauma is avoided with pump ap-
plication.

Implant models

Unloaded model (V, VII). In the unloaded model the
hole in the trabecular bone was 4 mm larger than the
implant diameter so permitting a 2 mm gap around
the implant (Figures 5 and 6). The position in the
drilled hole was ensured by a 10 mm footplate and top
washer. The implants were inserted extraarticulary
perpendicular to the long axis of the femur and hu-
merus, which eliminated any change of loading dur-
ing animal motion. The model was developed by
Sgballe et al. and has been described in detail previ-
ously.!¥! The advantage of this model is the possibili-
ty to investigate bone formation in the gap and bone
ingrowth to the implant under very controlled circum-
stances. The bone healing is not affected by weight
loading and takes place in a purely osseous environ-
ment. A disadvantage is the lack of similarity to the
clinical situation where such controlled situations are
not found.
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Figure 6. The unloaded implant is centralized in the drilled
canal in the proximal humerus surrounded by a 2 mm gap.
The deep part of the implant is fixed by the footplate in
press-fit. A titanium washer centralizes the implant superfi-
cially.

Weight-loaded model (VI). In the loaded model
weight-loading was achieved by intraarticular place-
ment of the implant. Furthermore the implant was
mounted on a special implant-device, which ensured
deep stable fixation in condylar bone with a subchon-
dral position of the implant which was surrounded by
a 0.75-mm gap. Loading from the tibial platean was
transferred to the implant-device and the implant by a
polyethylene plug at distal end of the implant device
(Figure 7). This model was developed by Sgballe et
al. and has been described in detail previously.142
This model is very clinical relevant since there is both
a gait controlled weight-loading and access joint fluid
from joint cavity to the gap around the implant. The
disadvantages of the model is that numerous factors
apart from the stimulative agent and endogenous bone
healing capacity affect the bone formation. Weight
loading might vary between animals due to different
locomotive activity during the observation period.
Also joint fluid contains numerous bioactive sub-
stances that potentially can modulate the activity of
growth factor stimulation.

Placement. Implants can be placed in either cortical
or trabecular bone. We used implants placed in trabe-
cular bone, as it mimics the placement of most en-
doprosthetic components. Also, the high metabolic
activity of trabecular bone makes this tissue more sus-
ceptible to growth factor stimulation. The unloaded
implants were placed either, in the medial and lateral
side of the femoral condyles or in the proximal hu-
merus (Figures 5 and 6). These placements were opti-
mal due to the easy surgical access and minimal trau-
ma to the research animal. Previous studies have fur-
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Figure 7. The implant device and test implant is positioned
in the weight-bearing part of the femoral condyles. (A) The
deep part of the implant device is fixed by the threaded tita-
nium cylinder. (B) The test implant is mounted on the thread-
ed piston of the implant device surrounded by a 0.75 mm
gap. (C) A titanium ring inserted in the subchondral part of
the condyle serves as a support and centralizer for the poly-
ethylene plug. Note protrusion of the polyethylene plug (D),
which transmits the load from the tibial plateau of the knee-
Joint to the implant. From Spballe et al., J Orthop Res 1992;
10: 285-99.

ther shown good bone structure in these regions and
possibility for an enhanced healing response with
stimulation by ceramic coatings.131

Gap. In all the studies we had an initial gap around
the implants; 2 mm around unloaded implants and
0.75 mm around weight loaded implant (Figure 7).
The gap model was chosen because of its clinical rel-
evance, where gaps around endoprosthetic compo-
nents lead to impaired bone-healing or even fibrous
tissue healing, that probably contributes to the later
failure of the prosthetic components. In a gap model,
extensive new bone formation occurs. Bone forma-
tion and bone anchorage of the implants will therefore
be by newly formed bone. Any stimulation of the os-
teogenesis by growth factor application will be more
accessible for discovery.

Implant texture. In all the studies, a relatively
smooth implant surface was chosen. The implants
were all grit-blasted, which provided roughness only
for improved application of the ceramic coatings. We
did not use a porous coating since this texture has in-
dependent osteoconductive properties and causes a
mechanically strong bone/implant interface.!3 These
properties could make it difficult to demonstrate ef-
fects of growth factors application.

Ceramic coating. For the first implant study (V)
and the weight loaded model, tricalcium phosphate
was chosen as the ceramic coating. The ceramic coat-
ing functioned as a carrier for the growth factor which
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is essential for the principle of local growth factor
application for these studies. TCP is resorbed readily
in a physiological environment but still has initial os-
teoconductive and osteogenetic properties. 144145
Resorption leads to a mechanically weaker bone/im-
plant interface, in comparison with more stable ce-
ramics like hydroxyapatite and fluorapatite.146 How-
ever, this weaker interface is favorable for demon-
strating effects of growth factor stimulation on im-
plant anchorage. After we had demonstrated stimula-
tive effects of local thTGF-B1 application to TCP
coated implants (V-VI), we proceeded on to experi-
ments on stable hydroxyapatite coatings (VII). This
coating is the most relevant for clinical use and by it-
self form a very strong bone/ceramic implant intér-
phase which apriori might not be susceptible for fur-
ther stimulation.

Growth factor adsorption. The loading of RhTGF-
B onto the implants was done by direct adsorption. To
adsorb different doses of rhTGF-B1 to the ceramic
surface, the implants were incubated for two hours
with a 2.0 mL solution containing 1.6 mg/mL and 12
mg/mL thTGF-B81 in 20 mM sodium acetate buffer.
The dose adsorbed was ensured by measuring rhTGF-
B1 content of the buffer before and after incubation.
Release of thTGF-81 from ceramic coated implants
into serum and saline was tested in vitro by perform-
ing the adsorption procedure using !Ziodine labeled
rthTGF-81. In this assay 90% of the thTGF-81 was re-
leased to serum within 4 hours and virtually no re-
lease was seen to physiological sodium chloride solu-
tion. The incubation and release analysis was per-
formed by Genentech Inc. South San Francisco, USA.
The fast release of thTGF-81 from the ceramic sur-
face couid be potentially problematic due to biodegra-
dation before any biological effect were achieved.
However, in calvarial defects in rabbits, rhTGF-1
has been shown to be present in surrounding tissue for
up to a week after delivery from gel carrier.147 During
such a time period there is sufficient time for initia-
tion of the different biological actions of the growth
factor. The growth factor prepared implants were
transported from USA to Denmark for two days and
typically a week passed before operative insertion.
During this period the implants were stored between 2
and 5 °C at which the growth factor is known to main-
tain it biological activity for months.

EVALUATION
In vitro assays

Cell proliferation (IV)
Cell division is an important parameter when investi-

gating osteoblast metabolic activity. Several methods
exist for quantitating cell-division activity. The most
simple method is to count cells in the culture wells
under a microscope. Another more convenient meth-
od is staining a cell layer with methylene blue.148 This
basic dye binds predominantly to the phosphate
groups of nucleic acids and absorbance measured on
an ELISA plate reader at 650 nm is therefore a good
measure for total nucleic acid in the cells. This meth-
od is very reliable and easy to perform and is highly
correlated with cell number. Two methods exist which
determine number and activity of cells which synthe-
size DNA (S-phase cells). The bromodeoxyuridine
assay utilizes the thymidine analog bromodeoxyuri-
dine and a recognizing antibody for labeling and de-
tecting S-phase cells. Labeled cells are visualized
with a secondary antibody and peroxidase and cells
are counted.14? This method is very time consuming
due to the counting technique and we therefore used
an alternative method that uses labeling of cells with
3H- thymidine (IV). This assay is easy to perform and
has the advantage of being a more sensitive measure
of cell proliferation than cell count measurements and
methylene blue measures, since it quantitates DNA
synthesis rather than number of cells. A disadvantage
of the technique is that fluctuations in the intracellular
thymidine concentration often cause considerable in-
tra individual variations in radioactive counts.15® This
problem can be overcome by adding a sufficient con-
centration of radioactive thymidine and by having
triplet or quadruplet determinations of each test unit.

Enzyme activity (IILIV)

Alkaline phosphatase (AP) is a membrane bound en-
zyme which is present in many cell types but is most
abundant in osteoblasts.15! It is a marker of the osteo-
blastic phenotype and thought to be of importance in
the mineralization process by increasing the concen-
tration of inorganic phosphate leading to precipitation
of calcium-phosphate crystals in the mineralization
front.152 AP is a marker of the highly differentiated
osteoblast. AP can be visualized in a cell-layer by his-
tochemical staining and enzyme activity can also be
quantified by incubating a cell-layer with p-nitrophe-
nyl-phosphate for a standardized time-period and
then measuring absorbance in a spectrophotometer at
405 nm. This method is easy and reliable when per-
formed in triplicates and quadruplicates. AP activity
is increased in differentiated cells stimulated with
1,25(0H),D; and responsiveness to other stimulating
agents is also increased, therefore analysis of AP ac-
tivity should be performed with and without
1,25(0OH),D, stimulation. We therefore tested AP ac-
tivity in the cell-layer with p-nitrophenyl-phosphate
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with and without 1,25(0OH),D, stimulation.

Matrix protein synthesis (IV)
A key aspect in osteoblastic formation of new bone is
synthesis of matrix proteins. In bone, collagen type I
is the major structural protein, and measurement of
this protein is therefore crucial for evaluation of in
vitro bone formation. Today the most frequently em-
ployed method is determination of pro-collagen 1 C-
terminal propeptide (PICP) in supernatant medium
which was used in study IV. This peptide is split off
from the mature collagen molecule and can be recog-
nized by an antibody and quantitated by RIA or
ELISA technique.!5315% Osteocalcin is one of the
most abundant non-collagenous proteins in bone ma-
trix and is produced exclusively by bone cells. Osteo-
calcin is probably of importance for cell attachment
and bone mineralization.121 Osteoblast expression of
osteocalcin in culture can be visualized by an immu-
nohistochemical technique. We used this technique
for characterization of osteoblastic phenotype. Osteo-
calcin is produced to the supernatant medium and can
be quantitated by RIA or ELISA technique.155
Numerous other proteins exist in bone matrix (see
Table 5) but no available assays for determination of
protein production exists today. An indirect approach
exists using measurement of mRNA synthesis for a
specific protein using molecular biology techniques.

Chemotaxis (ILIILIV)

Biochemically controlled cell migration is an impor-
tant aspect in osteoblast biology both during bone re-
modeling and bone healing. Two methods exist for in-
vestigating cell chemotaxis: The first method used
was the Boyden chamber technique that used cell mi-
gration into a thick gel membrane in which a concen-
tration gradient of the test agent was created. Cell mi-
gration was quantified by counting cells that had
reached a standardized level in the membrane,156:157
The Boyden chamber technique used single well
chambers which caused extensive screening of sever-
al concentrations and test agents to be very time con-
suming. This problem has recently been overcome by
the multiwell chamber technique, which consists of
up to 48 wells in each chamber (Figure 8).158 This
chamber consists of a two level system separated by a
thin membrane with pores allowing cell migration.
Test agent is placed in the bottom level and cell-sus-
pension in the top level and a concentration gradient
is created over the membrane. Cell migration is quan-
tified by counting cells which have migrated to the
bottom side of the membrane. Correct incubation
time and cell-concentration for the cell type tested are
essential for reproducible results. Typically non-

UPPER WELL
| (CELL SUSPENSION)

RUBBER GASKET

POLYCARBONATE MEMBRANE
5 um PORES

LOWER WELL
(CHEMOATTRACTANT | SOLUTION)

Figure 8. The chemotaxis model consisted of a micro chemo-
taxis chamber with 48 wells. Each well had an upper section
for the cell suspension and a lower section for the growth
factor solution. These were separated by polycarbonate
membrane with 5 pm pores. If the growth factor in the lower
well has chemotactic properties, increased number of cells
will migrate through the pores of the membrane and attach
to the collagen coating on the lower surface of the mem-
brane.

transformed cells, like primary human osteoblasts,
show large inter-individual differences in absolute
number of migrated cells. Data must therefore be nor-
malized as cell-counts in stimulated wells divided by
cell-counts in control wells, a measure designated
Chemotactic Index (CI).

In order to verify that a stimulation of cell migra-
tion is truly chemotactic (concentration directed) and
not chemokinetic (random migration in all direc-
tions), a control experimental must be performed. In
this experiment, a concentration found to stimulate
migration is eliminated by adding the test agent
together with the cell-suspension.!5 For true chemo-
taxis this will reduce migration to control levels. We
chose to use the multiwell chemotaxis chambers in
our osteoblast migration studies due to the ability of
this techniques to perform several test units under
identical conditions and because data sampling could
be performed fairly simply under a microscope.158

Primary human osteoblast culture are known to ex-
press-heterogenic phenotypes; therefore, fibroblastic
contamination could be a problem in the used chemo-
tactic assay where only a minor part of the seeded
cells migrated through the membrane. We found,
however, that a majority of the migrated cells stained
positive for osteocalcin which is one of the most spe-
cific osteoblast markers (Figure 9).

Mechanical testing (in vivo studies)

Osteotomy model (1)

Biomechanical testing of fractured bone presents sev-
eral problems: Standardized specimens cannot be pre-
pared because of the irregular geometry of fracture
callus and inter-individual differences of bone struc-
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Figure 9. Microphotograph of a polycarbonate membrane
after osteoblast migration through the 5 pm pores. The cells
have been immunostained for osteocalcin (red staining).
Note that the majority of the cells stain positive for osteocal-
cin, indicating the osteoblastic phenotype of the migrated
cells, original magnification 40x.

ture. The mechanical testing procedure is another
concern. Tensional and torsional tests have the advan-
tage, at least in theory, of creating an even distribution
of stress around the fracture callus. Also, such tests
will determine the weakest point of the entire bone. 160
But considerable practical problems with fixation and
alignment in the testing apparatus causes the test type
to be rarely used for fracture healing studies, despite
the superiority of test. Bending tests, (three or four
point), are also suitable for mechanical testing of frac-
ture strength. Four-point bending test involves, to a
degree, adjacent cortical bone. This is a disadvantage
when, in the later stages of fracture repair, the
strength of the callus equals or exceeds the strength of
the cortical bone. Another disadvantage is that a small
degree of rotation of the test specimen is difficult to
avoid and standardization of the test can therefore be
impaired. We used a three-point bending test in our
mechanical analysis; since this test type enables a pre-
cisely located load placement, thereby testing the me-
chanical properties at the fracture line.13?

Implant models (V-VII)

The aim of the mechanical push-out test for the im-
plant experiment was to evaluate the bony fixation of
the implant in order to test how adjuvant therapy
(growth factor application) can improve this fixation
and hopefully, in the clinical situation lead to im-
proved implant survival. In the clinical situation,
however, a prosthetic component is subjected to both
bending, shearing and compressive forces and no ex-
perimental mechanical test exist that can mimic this
situation. We chose a push-out test because such a test
measures the strength between the implant and the
surrounding tissue in the load direction that an im-

plant is mostly subjected to in the patient. Also, this
test had in numerous previous studies demonstrated
its suitability for testing bone-implant specimens
from animal studies and furthermore a good correla-
tion exist between data from push out test and histo-
morphometrical bone ingrowth analysis.13! An alter-
native to the push out test would be a torsional test,
but such a test would measure pure shear at the bone-
implant interface.

In order to minimize variation in test conditions, all
specimens from each study were tested on the same
day and by the same investigators. All specimens
were frozen before mechanical testing, a procedure
which might have influence on the mechanical prop-
erties. However, prolonged freezing up to 100 days
and repeated thawing and freezing, have been shown
not to influence the mechanical properties of trabecu-
lar bone 161

The thickness of the specimens for push-out test
varied from unloaded implant studies (V,VII) to the
weight loaded study (VI) due to different size of the
test implant. In the unloaded studies the thickness of
the specimen for mechanical testing was 4 mm,
whereas it was 3 mm for the weight loaded study.
However, all reported data are normalized for surface
area.

Two different coatings were used in the studies; tri-
calcium phosphate and hydroxyapatite. These two
coatings have very different resorption characteristics
in vivo; where TCP is readily resorbed and HA is very
stable and resorbs slowly. Moreover, HA forms very
strong bonds to the surrounding bone. These proper
ties produce different interface conditions during me-
chanical testing. For TCP, which is nearly resorbed at
6 weeks, the mechanical properties of the bone-im-
plant interface is tested, whereas for HA coated im-
plants, the implant-ceramic and ceramic-bone inter-
faces are so strong that the push-out test to some ex-
tent will measure the strength of woven bone trabecu-
lae in the gap. This is problematic, since the result of
test to some extent do not represent the strength of
the bone/implant interphase, but instead the strength
of the woven bone trabeculae.

Finite element analysis of the push-out test have es-
tablished that difference between implant diameter
and the hole supporting setup is important, with a re-
duction in stress concentration if this difference be-
comes to large.162 A study suggests an optimal differ-
ence of 0.7 mm, which was close to the 0.5 mm differ-
ence used in the present studies.163
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Histology, bone histomorphometry (in vivo
studies)

Osteotomy model

Quantitative histomorphometry was an important
technique for evaluation of new bone formation in the
osteotomy study (I). In this study, we used 200 pm
thick sections cut 5 mm distal to the osteotomy line.
These sections were cut unembedded and undecalci-
fied on a precision diamond saw. On these sections,
area of fracture callus, thickness of cortical bone and
cortical bone porosity were calculated. The callus
area represented the new bone formation during frac-
ture healing, and cortical bone thickness and porosity
were used as parameters for remodeling activity in
preexisting diaphyseal bone. Callus area and cortical
thickness were measured using a computer assisted
tracing devise. This provided very reproducible re-
suits with low coefficient of variations. Cortical
thickness and haversian canal diameter were deter-
mined by a digitizer based measuring system. Twenty
measurements per section were performed.

Reproducibility. To eliminate inter-individual ob-
server variation, the same investigator performed all
histomorphometric analyses. To eliminate biased data
sampling all analyses were performed blindly. The in-
tra individual variation was estimated by calculation
of coefficient of variation from 10 double measure-
ments. These were 0.03, 0.02 and 0.06 for callus area,
cortical thickness and haversian canal diameter re-
spectively.

Implant models

All histomorphometric analyses were performed on
sections embedded in methyl methacrylate and cut to
200 pm on a precision diamond saw and then ground
to 50 um thickness. This thickness allowed for dis-
crimination of different tissue types and materials;
bone, fibrous tissue, bone marrow, titanium implant
and ceramic coating. Bone tissue was visualized by
light green staining,'%4 whose properties as a surface
staining enhanced the sharpness of the bone interfaces
against other tissues and materials. A drawback of this
preparation method is that analyses at cellular levels
are impossible due to the large thickness of the sec-
tions. For cellular analyses a thickness less than 10
um is required. At the time of the studies, no available
technique for preparation of so thin sections existed
for bone tissue containing metal implants. Subse-
quently a more technically advanced method has been
developed in Holland, the Leiden microtome saw,
which can produce sections down to 10 pm 165

Only one transverse section from each implant was
used for histomorphometrical analysis. This repre-

sents only a small fraction of the entire bone/implant
complex which could be a problem for data sampling.
However, a previous study has shown that bone den-
sity only changes 12% (intersection variance) be-
tween serial sections in trabecular bone.166 If similar
variation is present for the bone parameters in woven
bone in the present studies, the use of only a single
section should not affect the precision of the data sig-
nificantly.

Vertical sections based on the stereology principle
would be the optimal sampling technique and is re-
quired for completely unbiased sampling and mea-
surements. This is relevant for bone tissue, since tra-
becular bone is not of isotropic nature due to weight
loading that orientates the trabeculae according to
Wolff Law.167 We had a relatively small sample size
since a large sample was used for mechanical testing.
Due to this situation, we did not use vertical section-
ing which would have been the optimal principle for
data sampling. Our histomorphometric data are there-
fore partly biased due to the anisotropic structure of
trabecular bone. Studies performed after the studies
included in the present thesis have used vertical sec-
tions on the same size sections. Data from these stud-
ies were found be consistent and reproducible.168

Reproducibility. To eliminate inter-individual ob-
server variation, the same investigator performed all
histomorphometric analyses. To eliminate biased data
sampling, all analyses were performed blindly. The
intra individual variation was estimated by calcula-
tion of coefficient of variation from 10 double mea-
surements. These were 0.032 for bone ongrowth and
0.051 for bone density in the gap.

STATISTICS

Kean and standard deviation or standard error of
mean were calculated from all parameters. All data
sets were tested for normal distribution by Kol-
molgorov analysis and probit plots. Comparison be-
tween two data sets was done by means of a Students
T-test for parametric data sets and Wilcoxon tests for
nonparametric data sets. Comparisons between sever-
al data sets were done by one-way ANOVA and Fish-
ers LSD tests for comparisons between control and
stimulation data sets. Differences were considered
significant when the p-value was less than 0.05. For
definition of synergistic effects in study (IV), an arith-
metic principle for synergistic effect was defined as a
combined effect that was greater than the arithmetical
sum of the individual growth factor plus the mean
value of the standard error of mean (SEM).16?
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Results of own studies

Chemotactic effects of growth factors (ILIII)

Previous studies have focused on a single growth fac-
tor such as TGF-8 or PDGF when bone cells have
been investigated for chemotactic responsiveness in
rodent osteoblast culture.”*17? The present studies in-
dicate that numerous growth factors are able to stimu-
late osteoblast migration. In vivo, bone cell migration
could therefore be regulated by combinations of
growth factors rather than a single growth factor.
TGF-8 and PDGF-BB, both of which are present in
bone matrix, induced a significant chemotactic re-
sponse in human osteoblasts (Figure 10). Both
showed a fourfold stimulation of migrated cells and
these growth factors probably serve as key regulators
of osteoblast migration in bone tissue. Several other
growth factors, PDGF-AA, IGF-1, IGF-2, and BMP-
2, have less but nevertheless significant chemotactic
effects on osteoblasts. Additionally BMP-2, has a
strong chemotactic effect on osteoprogenitor cells, as
demonstrated on the bone marrow stroma osteoblasts
investigated in study (III).

Thus, the findings in our studies support that differ-
ent growth factors could play a role in the regulation
of osteoblast recruitment during both bone healing
and bone remodeling. This is of major importance for
bone physiology since migration of osteoblasts is a
crucial event in both situations.

Chemotactic index
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Figure 10. Dose response curve of osteoblast chemotaxis to
rhTGF-81. The chemotactic index (mean + SEM) of six in-
dependent experiments is shown. *P = 0.01 for stimulated
groups compared to control group.

The chemotactic properties of TGF-8, BMP-2 and
PDGF-BB also make these growth factors promising
candidates for use in growth factor induced osteogen-
esis due to the stimulation of recruitment of bone
forming cells. TGF-B has already been proven to pos-
sess bone-forming abilities in other in vivo stud-
ies.3171 The chemotactic abilities of TGF-8 com-
bined with the antiinflammatory properties of TGF-3
172 make this growth factor a possible inhibitor of in-
flammatory bone resorption as seen in diseases such
as theumatoid arthritis.

Effects of growth factor combinations on
osteoblast metabolism (IV)

In study IV, the effects of growth factors both as sin-
gle stimulation and in different combinations were in-
vestigated for effects on human osteoblast metabo-
lism and chemotaxis. Metabolic effects were evaluat-
ed by determination of proliferation measured as
DNA synthesis. State of differentiation was evaluated
by alkaline phosphatase activity and collagen synthe-
sis. Responsiveness to chemotactic stimuli was mea-
sured by cell migration in microwell chemotaxis
chambers as in study II and III.

Proliferation is a metabolic activity, considered to
be characteristic for the less differentiated osteo-
blasts, in order to obtain sufficient amounts of cells
for the production of bone matrix components. This
occurs in the early phases of healing response. We
found, for the 10 ng/mL dose tested, that TGF-6 was
most stimulative in single stimulation. For double
combinations TGF-8 and PDGF-BB was the most
stimulative combination with a 250% increase in
DNA synthesis. Adding EGF to TGF-8 and PDGF-
BB resulted to a further increase in DNA synthesis
(Figure 11). The highly stimulative effect on prolifer-
ation by TGF-8, PDGF-BB and EGF is physiological-
ly interesting since platelets contain these three
growth factors. In any traumatic bone lesion, a blood
clot is formed and the disintegration of platelets in
this blood clot will release these growth factors to the
local environment, this leads to a high level of prolif-
erative activity among osteoblasts close to the bone
lesion. For stimulation of chemotaxis a similar pattern
was found. However, for single growth factor stimu-
lation, PDGF-BB was the most active. This was due
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Figure 11. Osteoblast cell proliferation assessed by [*H]-
thymidine incorporation into DNA. Results of the different
growth factors and combinations are presented as percent-
age of control values (mean £ SEM) of six independent ex-
periments. *P < 0.05 (Fisher test); ANOVA = 0.007. Abbre-
viations are T: TGF-8, P: PDGF-BB, I: IGF-1, F: FGF-b,
B: BMP-2, E: EGF

to non-optimal 10 ng/mL dose for TGF-8 which has
its optimal chemotactic effect at 100 pg/mL (II). For
the growth factor combinations, TGF-8 and PDGEF-
BB double and triple combinations, were the most
stimulative, with osteoblast migration stimulated
from 250-300% compared to control stimulation
without growth factor. The finding that the growth
factors contained in platelets also have powerful
chemotactic effects is advantageous in the early phas-
es of the bone healing process together with the simi-
lar proliferative effect.

The human osteoblast required vitamin D in order
to be responsive to growth factor stimulation of alka-
line phosphatase activity. Vitamin D serves as a dif-
ferentiative factor that makes the heterogenic culture
of human osteoblasts more homogenic with respect to
a more highly differentiated state where enzyme ac-
tivity is expressed. The exact function of alkaline
phosphatase during bone healing is not fully estab-
lished, but it is speculated that the enzyme catalyzes
the chemical processes during initiation and mainte-
nance of the mineralization process which occurs in
the later phases of bone healing. Again, single stimu-
lation and double combinations with TGF- and
PDGF were the most stimulative, but interestingly,
triple combinations containing TGF-8 and BMP ex-
hibited the highest stimulative effects on alkaline
phosphatase activity. BMP is found in bone matrix
and may be released to the local environment after the
early fracture healing phase, where the traumatized
bone ends are remodeled and growth factors in the re-
sorbed matrix will gain access to the local surround-
ings. Thus, the increase in BMP levels could trigger
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Figure 12. Effect of TGF-f8 on maximal strength in 3 point
bending test after 6 weeks of stimula tion. The group receiv-
ing only solvent (0 ug TGF-fi/day) serves as the control. The
intact tibia group illustrates the strength of the uninjured tib-
ia. Values are expressed as mean (SEM).

osteoblastic differentiation facilitating the initiation
of mineralization.

We could not demonstrate any effects on collagen
synthesis as a result of the growth factor stimulation
neither as single stimulation nor in combination, de-
spite, the fact that the osteoblasts were matured with
vitamin D during the experiments. This finding in hu-
man osteoblast deviates from studies in rat osteoblasts
where both TGF-8, PDGF, IGF-1 and the combina-
tion of these growth factors were able to stimulate
collagen synthesis.®> However, the rat osteoblasts
were derived from fetal tissues and, in comparison to
the human osteoblasts, which were derived from adult
donors, fetal cells are known to be far more respon-
sive to growth factors than cells from adults. This dif-
ference in donor type could explain why bone matrix
synthesis exhibits lack of responsiveness to growth
factor stimulation.

Stimulation of fracture healing with TGF-8 (I)

A sixfold increase in calvarial bone thickness has
been demonstrated in rats that were given local daily
calvarial injections of 1 pug TGF-8,36 and a consider-
able stimulation of new bone and cartilage formation
was found when 0.2 pg TGF-B was injected subperi-
osteal in femurs of newborn rats.1® We were able to
demonstrate that TGF-8 could enhance the mechani-
cal strength and stiffness of a tibial osteotomy after
six weeks of local continuous application of 1 and 10
ug TGF-B daily (Figure 12). This general stimulatory
effect of TGF-B on fracture healing might be ascribed
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Figure 13. Decalcified transverse section 5 mm from the osteomy-line showing diaphyseal cortical bone and callus formation
in a specimen from the control group (A) and 10 ugi/day group (B). A moderate callus formation is seen in the control and
massive callus formation in the stimulated specimen. The callus free area represents the AO-plate position (HE, x5)

to the stimulation of a larger callus formation around
the osteotomy. The increased callus envelope around
the diaphyseal bone-ends increases the mechanical
strength of the osteotomy (Mark Bolander, Mayo
Clinic, personal communication). We found an in-
creased callus formation with increased doses of ex-
ogenous TGF-B (Figure 13). Although callus forma-
tion was further enhanced by 10 pg TGF-B/day com-
pared to 1 pg TGF-B/day, a greater mechanical
strength was not demonstrated for increasing doses of
TGF-8. One explanation might be that the extensive
callus formed at the highest TGF-8 dose was too im-
mature to enhance the mechanical strength of the os-
teotomy, a phenomenon seen in other experiments
(Steven Beck, Genentech, personal communication).
The stimulation of callus formation found in the
present study is in agreement with previous in vitro
studies on callus tissue, which have shown stimulato-
ry effect of several growth factors. 125171173 Oy find-
ing of increased strength and callus formation of the
osteotomy supports the theory that TGF- stimulates
both proliferation and differentiation of the cell types
involved in the healing process of bone 171174

We investigated remodeling in the cortical bone us-
ing the parameters cortical thickness and haversian
canal diameter. No changes in these parameters were
shown in the groups stimulated with TGF-8. Thus,
exogenous application to the osteotomy site did not
demonstrate any effect on existing cortical bone re-
modeling. The lack of effect on the cortical bone re-
modeling could be due to the local application of the
growth factor. The growth factor concentration in the
cortical bone might therefore not be altered enough to
change bone remodeling. Another explanation could
be that cortical bone turnover generally is very slow
compared to trabecular bone and healing woven bone
or that the growth factor simply did not gain entrance
to cortical bone tissue. Six weeks of growth factor ap-

plication might therefore not be long enough to ob-
serve changes in cortical bone remodeling. Bone min-
eral content in callus tissue and cortical bone around
the osteotomy was not altered in the groups stimulat-
ed with TGF-8. This could be explained by the fact
that the cortical bone contained the majority of miner-
al, and since cortical bone remodeling was not influ-
enced by TGF-8 stimulation, a significant increase in
bone mineral content could not be expected.

Effects of rhTGF-81 on bone healing to
implants in dogs (V,VL,VII)

TGF-1 stimulation to unloaded TCP coated
implants

In study V, the effect of 0.3 ug and 3.0 pug rhTGF-81
was investigated when adsorbed to TCP coated im-
plants inserted unloaded into trabecular bone with a 2
mm gap. The observation period was 6 weeks and the
material was skeletally mature dogs.

Mechanical fixation of the implants was enhanced
in both rhTGF-81 stimulated groups. The 0.3 g dose
was the most efficient, improving shear strength al-
most threefold, whereas the 3.0 ug dose caused a two
fold increase in mechanical fixation (Figure 14).
Similar trends were found for stiffness and energy ab-
sorption. The greatest amount of bone ingrowth was
also found in the 0.3 pg thTGF-81 group, where bone
ingrowth was increased from 25% in the control
group to 41% in 0.3 pg rthTGF-B1 group. (Figure 15).
Interestingly total bone area in the gap was maximally
stimulated in the 3.0 pug rhTGF-31 group where bone
content in the gap was increased from 9% in the con-
trol group to 18% in 3.0 ug thTGF-B1 group (Figure
16). A group with titanium implants without TCP
coating and rhTGF-B1 adsorption was also included
and these implants were virtually without any bone



Acta Orthop Scand (Suppl 283) 1998; 69

25

Ultimate shear strength, MPa

2.00

1.50

1.00

0.50

0.00 2
&

Figure 14. Ultimate shear strength of the implant bone inter-
face of unloaded TCP coated implants with and without rhT-
GF-f31 stimulation as measured by push-out test six weeks
postoperatively. *P < 0.05. The error bars indicate standard
error of mean.

ingrowth and were thus very poorly fixated mechani-
cally.

It is interesting to note that the lower dose of 0.3 ug
rthTGF-81 proved to be the most efficient stimulator
of bone healing. Previous studies have demonstrated
stimulative effects of local TGF- application when a
daily dose of 1-10 ug was administered (I).36 An ex-
planation for the high potency of rhTGF-8 in the pre-
sents studies could be that the ceramic coatings, TCP
and HA, acts as a favorable carriers for the growth
factor and thereby potentiates the biological activity.
This phenomenon has been described previously in
bone tissue after implantation of HA particles that
were pre-incubated with TGF-B.135 A biological ex-
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Figure 15. Bone ongrowth to the implant surface of unload-
ed TCP coated implants with and without rhTGF-1 stimu-
lation, as measured in percentage by histomorphometry 6
weeks postoperatively. *P < 0.05. The error bars indicate
standard error of mean.

planation could be that the growth factor is accessible
to bone cells when adsorbed to the ceramic surface
and might be protected from biodegradation as well.
In a study by Sumner et al, which employed a design
very similar to the present study, a 10-fold higher
dose of thTGF-8 was found to be most efficient for
enhancement of bone ingrowth to ceramic coated im-
plants with a porous surface.126 However, the gap
volume in this model was approximately 10 times
greater than in our model, which could explain the
difference in optimal thTGF-B81 dose. This could im-
plicate problems for clinical application since the op-
timal dose for bone formation is dependent on the gap
size.

Figure 16. TCP-coated implants showing bone formation in the gap (basic fuchsin and light green; original magnifica-

tion x10).

A control implant without rhTGF-1 stimulation. Note the

sparse new bone formation consisting of thin lamellae of

woven bone.

An implant loaded with 3.0 ug rhTGF-31. Note the higher
new bone density with thicker bone lamellae.
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Bone ongrowth and mechanical fixation were opti-
mally stimulated by the 0.3 pg rhTGF-81 dose,
whereas bone formation in the gap was maximally
stimulated by the 3.0 pug thTGF-81 dose. It is interest-
ing, why the increase in bone formation in the gap did
not lead to an improved mechanical fixation. Previous
in vitro studies have demonstrated that high doses of
TGF-B can inhibit mineralization.1”3 It could be spec-
ulated, that the increased amount of woven bone in
the gap in the 3.0 ug thTGF-81 group is structurally
more immature, so that mechanical properties of the
bone deteriorate.

TGF-f1 stimulation of weight loaded TCP coated
implants ’

In study VI, the effect of 0.3 pg thTGF-B1 was inves-
tigated when adsorbed to TCP coated implants insert-
ed weight loaded and intraarticularly surrounded by a
0.75 mm gap in skeletally mature dogs. The observa-
tion period was 6 weeks.

Bone ongrowth was increased 59% as a result of
the thTGF-B1 stimulation, from 22% bone coverage
of the implants in the control group to 36% in the rhT-
GF-81 group. Total bone volume in the gap was in-
creased from 23% in the control group to 27% in the
rthTGF-B81 group, but this increase was not signifi-
cantly different from the control. Also, mechanical
fixation exhibited no difference between the control
group and the thTGF-81 group.

The stimulative effects of 0.3 pg rhTGF-1 was
less pronounced in this weight loaded model than in
the unloaded model (V). There can be different rea-
sons for these findings. In the weight-loaded model, a
smaller gap of 0.75 mm was used. In contrast to the 2
mm gap in unloaded model. This difference in the
used experimental model causes less need for new
bone formation, which probably is the major effect of
rhTGF-81 and therefore bone ongrowth and mechani-
cal fixation could be affected to a lesser extent by the
thTGF-81 stimulation. An other explanation could be
that in the weight-loaded model, there is access of
joint fluid to the implants interphase. This connection
could cause a leakage of growth factor from the gap
and a concurrent reduced effect of the growth factor.
Also, a level of synovitis exists in the knee joint due
to the surgical trauma and due to the protruding poly-
ethylene plug, which contacts the tibial plateau during
each gait cycle. The synovitis causes increased levels
of inflammatory cytokines such as IL-1, IL-6 and
TNF-a,176 and these cytokines have been shown to be
capable of abolishing the stimulatory effect of TGF-8.
Only bone ongrowth was significantly increased as a
result of thTGF-81 stimulation without any enhanced
mechanical fixation of the implants. This could be

due to the relative increase in bone ongrowth of 59%,
which was considerably smaller than the 200% in-
crease found in study V. The increase in bone on-
growth could be too small to result in any increase in
mechanical fixation, since the mechanical test is a
more crude analysis, in comparison to histomorphom-
etry. Another explanation could be that the TCP
ceramic was largely resorbed after the six week obser-
vation period, so that bone ongrowth to a porous rem-
nant of TCP ceramic was frequently seen. The partly
resorbed TCP ceramic probably has a poor contact to
the implant surface and therefore it may be hypothe-
sized that an increase in bone ongrowth to TCP
ceramic does not necessarily lead to a corresponding
increase in mechanical fixation.

TGF-f1 stimulation to unloaded HA coated
implants

In study VII, the effect of 0.3 ug and 3.0 pg rhTGF-81
when adsorbed to HA coated implants inserted un-
loaded with a 2 mm gap was investigated. The obser-
vation period was 6 weeks and the material was again
skeletally mature dogs.

Bone ongrowth was increased 36% as a result of
the 0.3 pg dose rhTGF-B1 stimulation, but the 3.0 pg
dose failed to enhance bone ongrowth. Total bone
volume in the gap was increased 22% in the 3.0 ug
rthTGF-1 group, but this increase was not signifi-
cantly different from the control. Mechanical fixation
exhibited minor increased values in rhTGF-81
groups, but none of these differences was found to be
significantly different from the control groups.

The purpose of study VII was to elucidate whether
or not thTGF-81 could further enhance bone on-
growth and mechanical fixation in HA coated im-
plants. This was of interest because HA ceramic coat-
ing on implants is known to stimulate bone ongrowth
by bidirectional bone formation, where new bone is
formed both from the surrounding trabecular bone
and by new bone formation directly on the apatite lay-
er. Also HA is known to improve mechanical fixation
considerably due to a high chemical stability which
leads to formation of strong HA-bone interfaces. We
were able to demonstrate a significant increase of
bone ongrowth amounting 36% relatively as a result
of the 0.3 pg dose of thTGF-§1. This enhancement
was smaller than when the similar dose was used on
TCP ceramic; this finding is probably due to HA ca-
pability of forming bone by bidirectional formation.
Higher levels of mechanical fixation were observed in
the 0.3 pg rhTGF-B1 group, but these increases did
not reach significant levels despite the fact that they
were of the same magnitude as the increase in bone
ongrowth. This could be explained by the high abso-
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lute levels for shear strength in the control group,
which was 2.4 MPa, approximately 5 times higher
than control levels for TCP coated implants. The
strong fixation caused by HA coating makes it diffi-
cult for thTGF-81 stimulation to result in a further
enhanced mechanical fixation. We demonstrated a

significant 36% increase in ongrowth but failed to
demonstrate significance for a 41% increase in energy
absorption after thTGF-81 stimulation. This finding
can probably be explained by the fact that the me-
chanical test is a more crude analysis than the histo-
morphometry.
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General discussion

Basic cellular effects of growth factors

In the present in vitro studies, we investigated a large
number of different growth factors with known meta-
bolic effects on bone cells for their possible chemot-
actic effects on osteoblasts. We also investigated dif-
ferent growth factor combinations for effects on os-
teoblast metabolism.

In the chemotaxis studies, we found that several
growth factors exhibited chemotactic effects on os-
teoblasts (ILIII). Osteoblasts are likely to be affected
by several growth factors locally in bone tissue, espe-
cially during bone healing and bone remodeling.
Therefore, osteoblast migration and osteoblast re-
cruitment to an area of bone healing might be regulat-
ed by several factors and probably by the synergistic
chemotactic effects of some growth factors. TGF-8
and PDGF-BB were the most powerful chemoattra-
cants in single stimulation but we also demonstrated a
synergistic effect on osteoblast migration for the com-
bination of these two growth factors (IV). This find-
ing is consistent with studies performed in rodent os-
teoblasts and osteoblastic cell-lines with TGF-8 and
PDGF-BB also have been demonstrated to stimulate
chemotaxis.”>7417%177 Eor mature human osteoblasts
the combination of TGF- and PDGF-BB could
therefore be a very important regulator of osteoblast
migration. Especially after a bone trauma, high levels
of TGF-B and PDGF-BB are present due to release
from platelets and from the traumatized bone tissue.
Thus, in the early phase of bone healing, these two
growth factors could attract osteoblasts to the trauma-
tized bone area.

In study III, we investigated the chemotactic effects
of different bone morphogenetic proteins on different
osteoblastic cell types. We found that less differentiat-
ed osteoblasts such as bone-marrow-derived os-
teoprogenitor cells were more responsive to BMP-2
than the mature human osteoblast. This could indicate
that the state of osteoblast differentiation is important
for chemotactic responsiveness of the osteoblasts.
BMP-2 could therefore be an important regulator of
migration for immature osteoblasts, whereas for ma-
ture osteoblasts BMP-2 has only moderate effects on
migration at the same level as IGF’s and PDGF-AA.
Another indication that BMP-2 is important for im-
mature osteoblasts is that these cells do not respond
more to chemotactic stimuli from TGF-8 and PDGF-
BB than mature osteoblasts (M. Lind, unpublished

data). Previous studies have shown substantial effects
of BMP’s on osteoblastic stemcells cell-lines,178:179

In study IV, we investigated effects of growth fac-
tor combinations on human osteoblasts, not only on
chemotaxis, but also on different parameters of me-
tabolism, DNA synthesis, alkaline phosphatase ac-
tivity, and collagen synthesis. Again, the platelet
growth factors TGF-8 and PDGF-BB, both in single
stimulation and in combination, had the most stimula-
tive effects on DNA-synthesis and alkaline phos-
phatase activity. This further adds to the importance
of growth factor release from blood platelets after
bone trauma for the initiation and maintenance of the
cellular processes in the healing response. Only a few
studies have investigated growth factor combinations
and their effects on osteoblast metabolism. Piche et
al. demonstrated additive effects of PDGF-BB, TGF-
B and EGF on human osteoblast proliferation.180 A
study by Kasperk demonstrated that insulin growth
factor Il (IGF-II) acts synergistically with both basic
fibroblast growth factor (bFGF) and TGF-8 on prolif-
eration of rat calvaria osteoblasts.169

Interestingly, the addition of BMP-2 to other
growth factor combinations further increased alkaline
phosphatase activity. This effect of BMP-2 indicates
an importance for differentiation of osteoblasts by
BMP-2, especially in the presence of other growth
factors. A problem for our growth factor combination
study was that only one concentration of growth fac-
tor was tested and different effects might have been
achieved if the growth factors were combined in dif-
ferent concentration. However, such studies would
have been very extensive and that is why we chose
one dose where the growth factors had a near maxi-
mal metabolic effect.

The application of in vitro data to in vivo physio-
logical situations reveals several problems. In vitro
studies typically employs outgrowth of a selected
celltype. After considerable multiplication of cell
number, the isolated cells are activated in a controlled
manner and alterations in metabolic functions are
measured. In vivo, a cell is positioned in functional
matrix consisting of neighboring cells and intracellu-
lar matrix, which all can exhibit possible numerous
effects on the celltype of interest. Therefore, can the
found effects of the different growth factors on isolat-
ed osteoblasts not be expected to be found after exog-
enous application of the same growth factors to bone
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tissue. In vitro investigations should, due to these lim-
itations, only be used as screening technique, when
growth factors for stimulation of bone healing are in-
vestigated.

In vivo stimulation of bone healing

The in vivo studies have demonstrated that TGF-8,
alone and in conjunction with ceramic coatings on
implants, is able to enhance different aspects of bone
healing in relevant situations for orthopedic surgery.
The continuous application of TGF-8 to a plated
tibial osteotomy stimulated the callus bone formation
to such a degree that the enlarged callus bridge caused
increased mechanical strength of the osteotomy. The
growth factor application in this situation primarily
leads to increased osteogenesis, whereas the bone
healing processes probably are not accelerated.
When rhTGF-81 was applied to the ceramic coat-
ings of titanium implants we could demonstrate en-
hanced bone ongrowth to the implants in unloaded
models with both TCP coatings and HA coatings and
with weight-loaded implants coated with TCP. This
again demonstrates the potent effects of thTGF-81 on
the osteogenetic processes, especially when it is con-
sidered that the ceramic coatings, and especially hy-
droxyapatite, have independent stimulatory effects on
bone healing due to osteoconductive properties. This
is consistent with the only other study which has used
growth factor stimulation of bone healing to implants
surrounded by a gap. Here increased bone formation
and bone ingrowth were found.126 Two other studies
have used dental extraction cavities for press-fit inser-
tion of implant stimulated either with a combination
of IGF-1 and PDGF-bb or with BMP-7. In both stud-
ies increased bone ingrowth were found.”6:181
Hydroxyapatite coatings and weight loading are
known to stimulate bone healing to implants.142:182 [n
models where these stimulative factors were includ-
ed, we could only demonstrate moderate increased
bone ongrowth to the implants as a result of the
rhTGF-81 stimulation. The relative increase in bone
ongrowth in these models was not of a sufficient mag-
nitude to cause increased mechanical fixation of the
implant. This might be explained by the fact that the
mechanical test is a more crude method compared to
histomorphometry due to relative higher standard de-
viations, and that the modest increase in bone on-
growth found in the present study might be to small to
result in statistically significant enhanced mechanical
fixation. Histomorphometry and mechanical tests
were performed on two adjacent but separate sec-
tions, and it could be speculated that this also could
explain the lack of correlation between the two tests.

However, several previous studies using the same
methods have shown correlation between histomor-
phometry and mechanical parameters.182183 For
weight unloaded TCP coated implants, however, a
100% increase in bone ongrowth was observed and
this lead to a significant increase in mechanical fixa-
tion of the implant.

Apart from the demonstrated stimulatory effects on
osteogenesis in callus tissue and in woven bone in the
gap around implants, we examined in study I effects
of local TGF-B application on the bone turnover in the
adjacent preexisting bone tissue. In study I, we could
not demonstrate any alterations in diaphyseal bone re-
modeling close to the osteotomy site. This result point
towards a very localized effect on the bone healing
processes during new bone formation and very little if
any effect on preexisting bone tissue when local TGF-
B3 application is used. This finding indicates that local
TGF-B application is a safe method for enhancement
of bone healing and formation since no side effects on
preexisting bone were demonstrated.

Possible clinical applications of growth
factors—gains and problems

The growth factors from the TGF-8 superfamily,
BMP’s and TGF-B3, have demonstrated potent stimu-
latory capability for bone-healing and bone formation
in vivo. The major problem for clinical use of these
growth factors is appropriate delivery systems to en-
sure sufficient biological activity for optimal effects
on bone-healing and formation. BMP’s have very lit-
tle biological effect in solution and a carrier is needed
for adequate in vivo activity. Demineralized bone ma-
trix, collagen matrix, hydroxyapatite ceramic and var-
ious polysaccharide matrices are some of the known
effective carriers for BMP’s.134 The autoinductive ca-
pacity of BMP’s for bone formation makes this
gr(;up of growth factors ideal for bone-filling of large
bony defects. BMP’s could therefore successfully be
used to fill large bone cavities after tumor resections
and to facilitate bony healing of pseudarthroses or
complicated long bone fractures, where bone loss can
compromise normal healing. For these purposes,
BMP can be used alone in an appropriate carrier or as
an adjuvant to a biological or non-biological graft
material if initial mechanical stability is desired. Au-
tologous and allogenic bone graft material is exten-
sively used in orthopedic surgery, and especially for
spinal surgery. The use of autologous bone has sever-
al disadvantages; these include additional postopera-
tive pain, long-term discomfort from the donor site,
limited resources and amounts and finally prolonged
operative time. For allogenic bone grafts, risks of in-
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fection exist. In the future, the use of bone grafting
could probably be reduced considerably by the use of
growth factors in collagenous or other matrices. Ani-
mal experiments have demonstrated that. BMP’s can
form bone to the same extent as autologous bone for
spine fusions in dogs.5

TGF-8 appears to have biological activity without
the same carrier requirements as the BMP’s. Addi-
tionally, TGF-8 has biological activity at much lower
doses than BMP’s. TGF-B exerts its optimal effects on
bone-healing at lg levels where as BMP’s is required
in mg levels. The low dosage requirements has made
it possible to adsorb TGF-8 to ceramic coatings of
implants and to ceramic beads that can stimulate
bone-healing of defects.124126 This delivery method
makes it possible to produce ceramic coated cement-
less prosthetic components, which have TGF- ad-
sorbed to the ceramic surface for enhanced bone in-
growth. This new technique could become a break-
through for cementless endoprostheses, which until
now have failed to prove their superiority to cemented
techniques. For revision arthroplasties, both TGF-8
and BMP’s could be used to enhance bone formation
in the compacted bone graft where the revision im-
plant is placed, cemented or uncemented, in a sheath
of packed bone powder. However concern exist, to
what ceramic coating and implant surface texture that
should be used with the growth factor. The smooth
surfaced TCP coated implant certainly has so poor
mechanical anchorage compared to HA coated im-
plants that clinical usage should be avoided. We have
used implants without porous coating for all implant
studies. In the clinical situation, only porous coated
implants are used for endoprosthetic components. A
possible future clinical usage of growth factors for
improved implant healing is therefore dependent on
demonstration of enhanced bone ingrowth and me-
chanical fixation when growth factors are used with
porous coated implants in preclinical animal studies.

The biological state of the bone tissue which is
stimulated with growth might be important for any
stimulatory effects. Ours and others studies have been
performed in healthy bone with good vascularization.
It should be speculated that impaired vascularization
and poor bone quality both could reduce the stimula-
tory effects of growth factors. Additional studies are
needed to answer these questions.

At present, only preclinical experimental data exist
concerning in vivo growth factor effects in clinically
related animal models. An increasing number of posi-
tive results from such studies exist which could indi-
cate a possible future success for growth factors with-
in clinical orthopedic practice (I,V).1267:126 How
ever, it is not known whether or not the results from

the animal studies can be transferred to humans with
equal success. It is probable that a large number of
studies have failed to demonstrate positive effects of
growth factors on bone healing and many of these
studies are not presented in the literature 6123 This is
mainly due to the high sensitivity of growth factor
stimulation to proper delivery systems and correct
doses. A few studies has indicated possible side ef-
fects of short-term local growth factor stimulation.
Healing of defects in dogs have demonstrated hetero-
topic bone formation and bone-cyst formation when
high doses of rhBMP-2 were used.18 In rabbits sub-
jected to subperiosteal injections of thTGF-82, bone
stimulatory effects were present only in neonatal ani-
mals and oedema was evident in surrounding connec-
tive tissues.186 Finally, growth factors could have
long-term side effects that first will be revealed sever-
al decades into the future. BMP’s are expressed by
some tumor cell lines and this has caused concern that
BMP treatment could be carcinogenic. No data that
relating to this problem exist today.

Commercial interest for an orthopedic use of
growth factors is currently focused on the BMP’s.
Two companies, Genetics Institute (who developed
and now promote BMP-2) and Creative Biomolecules
(who promote BMP-7, also designated Osteogenic
protein-1) have initiated clinical trials for the use of
BMP’s in defect healing and for spine fusions. The
first data from these clinical trials will probably be
presented in the near future and BMP’s will likely be
commercially available within a few years. The use of
growth factors will open a new set of treatment mo-
dalities which ideally will enable the surgeon to ob-
tain improved bone formation and bone-healing in sit-
uations where the natural healing capacity of bone tis-
sue is inadequate for proper clinical results. The com-
ing decade will hopefully define indications for this
new clinical tool in orthopedic surgery.

Conclusions

I) Continuous application of 1 and 10 pg natural
TGF-8 to a plated tibial osteotomy in rabbits caused
increased mechanical bending strength and callus for-
mation after 6 weeks observation time. Diaphyseal
cortical bone remodeling was not affected by the local
growth factor application.

II) Several growth factors exhibited chemotactic
effects towards human osteoblasts. TGF-81 and
PDGF-BB had the strongest chemotactic effects with
their ability to increase migration up to 4 times the
contro! levels. Also PDGF-AA, IGF-1, and IGF-2 had
chemotactic effects and stimulated migration up to 2
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times the control levels. TGF-B1 exhibited the highest
chemotactic potency with maximal activity at 100 pg/
mL, whereas the other growth factors had maximal
effects at 10100 ng/mL.

III) BMP-2 was found to have chemotactic effects
toward human osteoblasts, human bone marrow os-
teoprogenitor cells, and U2-OS osteosarcoma cells.
BMP-4 and BMP-6 were without any chemotactic ef-
fects towards these celltypes. Human bone marrow
osteoprogenitor cells were the most responsive
celltype to BMP-2 stimulation, with migration stimu-
lated 3 times in comparison to control levels.

IV) Combinations of growth factors resulted in
synergistic stimulative effects on different metabolic
functions on human osteoblasts. Combinations with
TGF-B81 and PDGF-BB strongly stimulate prolifera-
tion and chemotaxis. Combinations with TGF-81,
PDGF-BB and BMP-2 strongly stimulate a differenti-
ation parameter (alkaline phosphatase activity). The
different growth factor combinations had no effect on
collagen synthesis in human osteoblasts.

V) 0.3 pg thTGF-B81, adsorbed to gritblasted trical-
cium phosphate coated unloaded implants in skeletal-
ly mature dogs, was able to enhance mechanical fixa-
tion 3-fold and bone ingrowth and gap bone forma-
tion 2-fold. 3.0 pg thTGF-81 had also stimulative ef-
fect, but was less effective than the 0.3 pg thTGF-81
dose except for gap bone formation, which exhibited
the highest stimulation for the high dose of rhTGF-
B1. The establishment of a biological implant fixation
concept with growth factor absorbed to ceramic coat-
ings of implants was successful.

VI) 0.3 pg thTGF-B1, adsorbed to weight loaded
gritblasted tricalcium phosphate coated implants was
able to enhance bone ingrowth, without enhancement
of mechanical fixation.

VII) 0.3 ug rhTGF-B1, adsorbed to unloaded grit-
blasted hydroxyapatite coated implants was able to
enhance bone ingrowth, without enhancement of me-
chanical fixation. 3.0 pg rhTGF-81 had no stimula-
tive effects.

Future research

Results of the studies described in this thesis and re-
sults from other studies suggest that growth factors
can be used as in vitro and in vivo stimulators of new
bone formation if correct dose and application meth-
od is used. Future in vivo research should focus on
models with clinical relevance.

We have only used TGF-8 for our in vivo studies. A
subfamily of growth factors in the TGF-B superfami-
ly, namely the BMP’s, have demonstrated substantial
capacity for stimulation of bone formation when ap-

plied locally in bone defects and as a substitute for
bone graft for spine fusion. It would be very interest-
ing to investigate BMP’s in the implant models de-
scribed in this thesis.

Combinations of growth factors is another ap-
proach which could be advantageous for enhanced in-
growth. By combining growth factors, different prop-
erties of the individual growth factor can be used for
accelerated bone formation. As demonstrated in study
IV, combinations of growth factor can elicit synergis-
tic effects on different metabolic functions. For exam-
ple, the mitogenic actions of TGF-8 and PDGF can be
combined with osteoinductive properties of BMP’s
and the angiogenic properties of FGF’s.

We have used implants without porous coating for
all implant studies. In the clinical situation, only po-
rous coated implants are used for endoprosthetic com-
ponents. Preclinical animal studies with growth stim-
ulation of porous coated implants is therefore needed.

An animal model with a full hip prosthesis would be
the ultimate clinically relevant model to investigate the
possible future use of growth factors for enhancement
of bone ingrowth and fixation to prosthetic compo-
nents. In such a model it would be possible to quanti-
tate migration of the implant by roentgen stereophoto-
grammetric analysis to test long-term stability. Implant
migration has been shown to be a predictor of long-
term survival of a prothesis using this technique.

In the present studies we have focused on primary
bone healing to implants. Clinically, bone healing
during the prosthesis revision situation is more vul-
nerable due to the lack of bone stock and the inflam-
matory osteolytic environment caused by implant mi-
cromotion and particulate debris. Growth factor en-
hanced bone healing in this situation could clearly be
advantageous and the recent development of implant
revision models makes this an interesting objective
for future studies.!8”

Stemcell mediated stimulation of bone ingrowth is
another principle that could be utilized for enhanced
bone ingrowth to implants. Bone marrow is a natural
source of osteogenic cells and freshly aspirated bone
marrow could be placed in a gap around implants
where the excessive osteoprogenitor cells in the mar-
row could contribute to accelerated bone formation
during the healing response. Another principle could
be to culture the osteoprogenitor cells from the bone
marrow in vitro, and then apply the multiplicated
cells in the gap around the implants: these cells could
possess a significant bone forming capacity. Finally,
the principle of gene therapy could be used to transfer
growth factor genes into osteoprogenitor cells, which
then can over express growth factors and thereby
functions as cellular growth factor factories.



32

Acta Orthop Scand (Suppl 283) 1998; 69

References

1. Teti A, Tarquilio A, Grano M, Colucci S, Laforgia A,
Mangini F, Zambonin Zallone A. Effects of calcium-
phosphate-based materials on proliferation and alkaline
phosphatase activity of newborn rat periosteal cells in
vitro. J Dent Res 1991; 70: 997-1001.

2. Cornell CN, Ranawat CS. Survivorship analysis of total
hip replacement in patients who area less than 55 years
old. J Bone Joint Surg Am 1986; 68: 1430-4.

3. NIH. Total hip replacement. NIH Cons State 1995; 1-
31 :

4. AnHS, Lynch K, Toth J. Prospective comparison of au-
tograft vs. allograft for adult posterolateral lumbar spine
fusion: differences among freeze-dried, frozen, and
mixed grafts. J Spinal Disord 1995; 8(2): 131-5.

5. Ling RS. Femoral reconstruction with morcelized bone
graft and cemented stem. Chir Organi Mov 1994; 79(4):
305-11.

6. Yamamuro T. AW Glass ceramics—development, char-
acterization, modification and clinical application. Kyo-
to: Kyoto University; 1994.

7. Einhorn TA, Glowacki J, Brighton CT, Lane JM, Fried-
lander G, editors. Bone formation and repair. American
Academy of Orthopaedic Surgeons, 1994; 5, Distraction
osteogenesis. p. 235-70.

8. Mohan S, Baylink DJ. Bone growth factors. Clin Orthop
1991; 263: 30-48.

9. Zheng MH, Wood DJ, Papadimitriou JM. What’s new in
the role of cytokines on osteoblast proliferation and dif-
ferentiation? Pathol Res Pract 1992; 188: 1104-21.

10. Joyce ME, Roberts AB, Sporn MB, Bolander ME.
Transforming growth factor beta and the initiation of
chondrogenesis and osteogenesis in the rat femur. J Cell
Biol 1990; 110: 2195-207.

11. Aspenberg P, Lohmander LS. Fibroblast growth factor
stimulates bone formation. Bone induction studied in
rats. Acta Orthop Scand 1989; 60: 473-6.

12.Yasko AW, Cole BJ, Lane JM, Tomin M, Peterson M,
Ron E, Turek T, Wang EA. The healing of segmental
bone defects induced by thBMP-2. J Bone Joint Surg
Am 1992; 74A: 659-70.

13.Martin TJ, Ng KW, Nicholson GC, Martin TJ, editors.
Bailliéres Clinical endocrinology and metabolism. 2nd
ed. New York: Mackays of Chautham PLC Press, 1988;
1, Cell biology in bone. p. 1-29.

14. Price PA. Role of vitamin-K dependent proteins in bone
metabolism. Annu Rev Nutr 1988; 8: 865-83.

15. Bolander ME, Young MF, Fisher LW, Yamada Y, Ter-
mine JD. Osteonectin cDNA sequence reveals potential
binding regions for calcium and hydroxyapatite and
shows homologies with both a basement membrane pro-
tein (SPARC) and serine protease inhibitor (Ovomu-
coid). Proc Natl Acad Sci USA 1988; 85: 2919-23.

16. Hynes RO. Integrins: versatility, modulation and signal-
ling in cell adhesion. Cell 1992; 69: 11-25.

18.

19.

20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Reinholt FP, Hultenby K, Oldberg, Heinegérd D. Os-

teopontin—a possible anchor of osteoclasts to bone.
Proc Natl Acad Sci USA 1990; 87: 4473-5.

Robey PG, Young MF, Fischer L, McClain T. Trombo-
spondin is an osteoblast derived component of mineral-
ized extracellular matrix. J Cell Biol 1989; 108: 719-27.
Canalis E, McCarthy TL, Centrella M. Growth factors
and the regulation of bone remodeling. J Clin Invest
1988; 81: 277-81.

Joyce ME, Jingushi S, Bolander ME. Transforming

growth factor-B in the regulation of fracture repair.
Orthop Clin North Am 1992; 21: 199-209.

. Raisz LG, Kream BE. Hormonal control of skeletal

growth. Annu Rev Physiol 1981; 43: 225-38.

Burt DW. Evolutionary grouping of the transforming
growth factor-beta superfamily. Biochem Biophys Res
Commun 1992; 184: 590-5.

Lawrence DA, Pircher R, Jullien P. Conversion of a
high molecular weight latent TGF-8 from chicken em-
bryo fibroblasts into a low molecular weigth active
TGF-B under acidic conditions. Biochem Biophys Res
Commun 1985; 133: 1026-32.

Derynck R, Lindquist PB, Lee A, Wen D, Tamm I,
Graycar JL, Rhee L, Mason AJ, Miller DA, Coffey RJ,
et al. A new type of transforming growth factor-8, TGF-
B3. Embo J 1988; 7: 3737-43.

Jakowlew SB, Dillard PJ, Sporn MB, Roberts AB.
Complementary DNA cloning of a mRNA coding for
TGF-84 from chicken embryo chondrocytes. Molecular
Endocr 1988; 2: 1186-92.

Rosa F, Roberts AB, Danielpour D, Dart LL, Sporn MB,
Dawib IB. Mesoderm induction in amphibians; The role
of TGF-8 like factors. Science 1988; 239: 783-8.

Sporn MB, Roberts AB, Sporn MB, Roberts AB,
editors.Handbook of experimental pharmacology: Pep-
tide growth factors and their receptors. New York:
Springer-Verlag, 1990; 1, The multifunctional nature of
growth factors. p. 3-15.

Robey PG, Young MF, Flanders KC, Roche NS, Konda-
iah P, Reddi AH, Termine JD, Sporn MB, Roberts AB.
Osteoblasts synthesize and respond to transforming
growth factor-type B (TGF-B) in vitro. J Cell Biol 1987;
105: 457-63.

Pfeilschifter J, D’Souza SM, Mundy GR. Effects of
transforming growth factor-beta on osteoblastic os-
teosarcoma cells. Endocrinology 1987; 121: 212-8.
Noda M, Rodan GA. Type-beta transforming growth
factor inhibits proliferation and expression of alkaline
phosphatase in murine osteoblast-like cells. Biochem
Biophys Res Commun 1986; 140: 56-65.

Canalis E. Effect of growth factors on bone cell replica-
tion and differentiation. Clin Orthop 1985; 193: 246-63.



Acta Orthop Scand (Suppl 283) 1998; 69

33

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

43.

45.

Rickard DJ, Gowen M, MacDonald BR. Proliferative
responses to estradiol, IL-1 alpha and TGF beta by cells
expressing alkaline phosphatase in human osteoblast-
like cell cultures. Calcif Tissue Int 1993; 52: 227-33.

Centrella M, Casinghino S, Ignotz R, McCarthy TL.
Multiple regulatory effects by transforming growth fac-
tor-beta on type I collagen levels in osteoblast-enriched
cultures from fetal rat bone. Endocrinology 1992; 131:
2863-72.

Wrana JL, Maeno M, Hawrylshyn B, Yao KL, Sodek J.
Differential effects of TGF-B on the synthesis of extra-
cellular matrix proteins by normal fetal rat calvarial
bone cell populations. J Cell Biol 1988; 106: 915-24.

Antosz ME, Bellows CG, Aubin JE. Effects of trans-
forming growth factor beta and epidermal growth factor
on cell proliferation and the formation of bone nodules
in isolated fetal rat calvaria cells. J Cell Physiol 1989;
140: 386-95.

Noda M, Camilliere JJ. In vivo stimulation of bone for-
mation by transforming factor-8. Endocrinology 1989;
124: 2991-4.

Beck SL, Deguzman L, Wyne LP, Xu Y, McFatridge
LA, Gillett NA, Amento EP. TGF-81 induces bone clo-
sure of skull defects. J Bone Min Res 1991; 6: 1257-65.

Ripamonti U, Bosch C, Van den Heever B, Duneas N,
Melsen B, Ebner R. Limited chondro-osteogenesis by
recombinant human transforming growth factor beta 1
in calvarial defects of adult baboons. J Bone Min Res
1996; 11: 938-45.

Terrell TG, Working PK, Chow CP, Green JD. Patholo-
gy of recombinant human transforming growth factor-
beta 1 in rats and rabbits. Int Rev Exp Pathol 1993; 34 Pt
B: 43-67.

Aufdemorte TB, Fox WC, Holt GR, McGuff HS, Am-
mann AJ, Beck SL. An intraosseous device for studies

of bone-healing. The effect of transforming growth-fac-
tor beta. J Bone Joint Surg Am 1992; 74: 1153-61.

. Urist MR. Bone formation by autoinduction. Science

1965; 159: 893-9.

Urist MR, DeLange RJ, Finerman GAM. Bone cell dif-
ferentiation and growth factors. Science 1983; 220:
680-6.

Urist MR, Huo YK, Brownell AG, Hohl WM, Buyske J,
Lietze A, Tempst P, Hunkapiller M, DeLange RJ. Purifi-
cation of bovine bone morphogenetic protein by hy-
droxy apatite chromatography. Proc Natl Acad Sci USA
1984; 81: 371-6.

. Wang EA, Rosen V, Cordes P, Hewick RM, Kriz MJ,

Luxenburg DP, Sibley BS, Wozney JM. Purification and
characterization of other distinct bone-inducing factors.
Proc Natl Acad Sci USA 1988; 85: 9484-9.

Wozney JM, Rosen V, Celeste AJ, Mitsock LM, Whit-
ters MJ, Kriz RW, Hewick RM, Wang EA. Novel regu-
lators of bone formation, molecular clones and activi-
ties. Science 1988; 242: 1528-33.

46.Wozney JM. The bone morphogenetic protein family

47.

and osteogenesis. Mol Reprod Devel 1992; 32: 160-7.

Celeste AJ, Iannazzi JA, Taylor RC, Hewick RM, Rosen
V, Wang EA, Wozney JM. Identification of transform-
ing growth factor B family members present in bone in-

ductive protein purified from bovine bone. Proc Natl
Acad Sci USA 1990; 87: 9843-7.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

D’alessandro JS. Purification, Characterisation and ac-
tivities of rhBMP-5. [Abstract] J Bone Min Res 1991; 6:
S153

Malpe R, Baylink DJ, Sampath TK, Mohan S. Evidence
that human bone cells in culture contain binding sites
for osteogenic protein-1. Biochem Biophys Res Com-
mun 1994; 201: 1140-7.

ten Dijke P, Yamashita H, Sampath TK, Reddi AH, Es-
tevez M, Riddle DL, Ichijo H, Heldin CH, Miyazono K.
Identification of type I receptors for osteogenic protein-
1 and bone morphogenetic protein-4. J Biol Chem 1994;
269: 16985-8.

. Estevez M, Attisano L, Wrana JL, Albert PS, Massague

J,Riddle DL. The daf-4 gene encodes a bone morphoge-
netic protein receptor controlling C. elegans dauer larva
development. Nature 1993; 365: 644-9.

Chen P, Carrington JL, Hammonds RGJ, Reddi AH.
Stimulation of chondrogenesis in limb bud mesoderm
cells by recombinant human bone morphogenetic pro-
tein 2B (BMP-2B) and modulation by transforming
growth factor beta 1 and beta 2. Exp Cell Res 1991; 195:
509-15.

Yamaguchi A, Katagiri T, Ikeda T, Wozney JM, Rosen
V, Wang EA, Kahn AJ, Suda T, Yoshiki S. Recombinant
human bone morphogenetic protein-2 stimulates osteo-
blastic maturation and inhibits myogenic differentiation
in vitro. J Cell Biol 1991; 113: 681-7.

Nakase T, Nomura S, Yoshikawa H, Hashimoto J, Hiro-
ta S, Kitamura Y, Oikawa S, Ono K, Takaoka K. Tran-
sient and localized expression of bone morphogenetic
protein 4 messenger RNA during fracture healing. J
Bone Miner Res 1994; 9: 651-9.

Jin Y, Yang L, White FH. An immunocytochemical
study of bone morphogenetic protein in experimental
fracture healing of the rabbit mandible. Chin Med Sci J
1994; 9: 91-5.

Wang EA, Rosen V, D’alessandro JS, Bauduy M, Cord-
es P, Harada T, Israel DI, Hewitt AT, Kerns KM, LaPan
P, et al. Recombinant human morphogenic protein in-
duces bone formation. Proc Natl Acad Sci USA 1990;
87: 2220-4.

Cox K. Histological and ultrastructural comparison of
the in vivo activities thBMP 2 and 5. [Abstract] J Bone
Min Res 1991; 6: S155

Luyten FP, Cunningham NS, Vukicevic S, Paralkar V,
Ripamonti U, Reddi AH. Advances in osteogenin and
related bone morphogenetic proteins in bone induction
and repair. Acta Orthop Belg 1992; 58 Suppl 1: 263-7.
Ripamonti U, Ma S, Cunningham NS, Yeates L, Reddi
AH. Initiation of bone regeneration in adult baboons by
osteogenin, a bone morphogenetic protein. Matrix
1992; 12: 369-80.

Yasko AW, Cole BJ, Lane JM, et al. Comparison of
rhBMP-2 versus cancellous boen to heal segmental
bone defects. [Abstract] Trans ORS 1993: 100.

Cook SD, Baffes GC, Wolfe MW, et al. thOP-1 heals
segmental long-bone defects in non-human primates.
[Abstract] Trans ORS 1993: 484.

Stevenson S, Cunningham J, Toth J, et al. Osteogenin in
conjunction with ceramic induces bone formation in or-
thopic segmental defects in rats. [Abstract] Trans ORS
1992: 579.



34

Acta Orthop Scand (Suppl 283) 1998; 69

63.

65.

66

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78

Cook SD, Baffes GC, Sampath TK, et al. Healing of
large segmental defects using rhOP-1. {Abstract] Trans
ORS 1992: 581.

. Kirker-head H, Hennig G, Schelling S, Holtrop M,

Shaub R, Wang EA. Long-term healing of large mid-
femoral segmental defects in sheep using rBMP-2 and
inactive decalcified ovine bone matrix. Trans ORS
1994: 505.

Miyamoto S, Takaoka K, Yoshikawa H, et al. Trans-fil-
ter bone induction in monkeys by BMP. [Abstract]
Trans ORS 1993: 99.

. Aspenberg P, Wang EA, Thorngren KG. BMP induces

bone in the squirrel monkey but bone matrix does not.
[Abstract] Trans ORS 1993: 101.

Cook SD, Dalton JE, Tan EH, Whitecloud-III TS, Rue-
ger DC. In vivo evaluation of recombinant human os-
teogenic protein (rhOP-1) implants as a bone graft sub-
stitute for spinal fusions. Spine 1994; 19: 1655-63.

Sporn MB, Roberts AB, editors. Handbook of experi-
mental pharmacology. Growth factors and their recep-
tors. New York: Springer-verlag 1990.

Abdennagy B, Hott M, Marie PJ. Effects of platelet-de-
rived growth factor on human and mouse osteoblastic
cells isolated from the trabecular bone surface. Cell Biol
Int Rep 1992; 16: 235-47.

Canalis E, McCarthy TL, Centrella M. Effects of plate-
let-derived growth factor on bone formation in vitro. J
Cell Physiol 1989; 140: 530-7.

Canalis E, Varghese S, McCarthy TL, Centrella M. Role
of platelet-derived growth factor in bone cell function.
Growth Regul 1992; 2: 151-5.

Zhang L, Leeman E, Carnes DC, Graves DT. Human os-
teoblasts synthesize and respond to platelet-derived
growth factor. Am J Physiol 1991; 261: C348-54.

Hughes FJ, Aubin JE, Heersche JN. Differential chemo-
tactic responses of different populations of fetal rat cal-
varia cells to platelet-derived growth factor and trans-
forming growth factor beta. Bone Miner 1992; 19: 63-
74.

Tsukamoto T, Matsui T, Fukase M, Fujita T. Platelet-de-
rived growth factor B chain homodimer enhances
chemotaxis and DNA synthesis in normal osteoblast-
like cells (MC3T3-E1). Biochem Biophys Res Commun
1991; 175: 745-51.

Marden LJ, Fan RS, Pierce GF, Reddi AH, Hollinger
JO. Platelet-derived growth factor inhibits bone regen-
eration induced by osteogenin, a bone morphogenetic
protein, in rat craniotomy defects. J Clin Invest 1993;
92: 2897-905.

Lynch SE, Buser D, Hernandez RA, Weber HP, Stich H,
Fox CH, Williams RC. Effects of the platelet-derived
growth factor/insulin-like growth factor-I combination
on bone regeneration around titanium dental implants.
Results of a pilot study in beagle dogs. J Periodontol
1991; 62: 710-6.

McCarthy TL, Centrella M, Canalis E. Constitutive syn-
thesis of insulin-like growth factor-1I by primary osteo-

blast-enriched cultures from fetal rat calvariae. Endocri-
nology 1992; 130: 1303-8.

. McCarthy TL, Centrella M, Canalis E. Insulin-like

growth factor (IGF) and bone. Connect Tissue Res
1989; 20: 277-82.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

Finkelman RD, Mohan S, Jennings JC, Taylor AK, Jeps-
en S, Baylink DJ. Quantitation of growth factors IGF-I,
SGF/IGF-II and TGF-beta in human dentin. J Bone
Miner Res 1990; 5: 717-23.

Mohan S. Insulin-like growth factor binding proteins in
bone cell regulation. Growth Regul 1993; 3: 67-70.

Mohan S, Strong DD, Lempert UG, Tremollieres F,
Wergedal JE, Baylink DJ. Studies on regulation of insu-
lin-like growth factor binding protein (IGFBP)-3 and
IGFBP-4 production in human bone cells. Acta Endo-
crinol Copenh 1992; 127: 555-64.

Emst M, Rodan GA. Increased activity of insulin-like
growth factor (IGF) in osteoblastic cells in the presence
of growth hormone (GH): positive correlation with the
presence of the GH-induced IGF-binding protein BP-3.
Endocrinology 1990; 127: 807-14.

Conover CA, Kiefer MC. Regulation and biological ef-
fect of endogenous insulin-like growth factor binding
protein-5 in human osteoblastic cells. J Clin Endocrinol
Metab 1993; 76: 1153-9.

Canalis E, Centrella M, Burch W, McCarthy TL. Insu-
lin-like growth factor I mediates selective anabolic ef-
fects of parathyroid hormone in bone cultures. J Clin In-
vest 1989; 83: 60-5.

Chenu C, Valentin-Opran A, Chavassieux P, Saez S,
Meunier PJ, Delmas PD. IGF-1 hormonal regulation by
growth hormone and by 1,25 OHD?3 and activity on hu-
man osteoblast-like cells in short-term cultures. Bone
1990; 11: 81-6.

Spencer EM, Si EC, Liu CC, Howard GA. Parathyroid
hormone potentiates the effect of insulin-like growth
factor-I on bone formation. Acta Endocrinol Copenh
1989; 121: 435-42.

Nilsson A, Carlsson B, Isgaard J, Isaksson OG, Rymo L.
Regulation by GH of insulin-like growth factor-I
mRNA expression in rat epiphyseal growth plate as
studied with in-situ hybridization. J Endocrinol 1990;
125: 67-74.

Scheven BA, Hamilton NJ. Longitudinal bone growth
in vitro: effects of insulin-like growth factor I and
growth hormone. Acta Endocrinol Copenh 1991; 124:
602-7.

Isgaard J, Nilsson A, Lindahl A, Jansson JO, Isaksson
OG. Effects of local administration of GH and IGF-1 on
longitudinal bone growth in rats. Am J Physiol 1986;
250: E367-72.

Scheven BA, Hamilton NJ, Fakkeldij TM, Duursma
SA. Effects of recombinant human insulin-like growth
factors I and II (IGF-I/-II) and growth hormone (GH) on
the growth of normal adult human osteoblast-like cells
and human osteogenic sarcoma cells. Growth Regul
1991; 1: 160-7.

VandePol C, Schlacger D, Wong GL. Mitogenic re-
sponses to and binding of insulin-like growth factor 1
and/or epidermal growth factor by bone cells. Bone
Miner 1989; 5: 371-82.

Pfeilschifter J, Oechsner M, Naumann A, Gronwald
RG, Minne HW, Ziegler R. Stimulation of bone matrix
apposition in vitro by local growth factors: a compari-
son between insulin-like growth factor I, platelet-de-
rived growth factor, and transforming growth factor
beta. Endocrinology 1990; 127: 69-75.



Acta Orthop Scand (Suppl 283) 1998; 69

35

93. McCarthy TL, Centrella M, Canalis E. Regulatory ef-
fects of insulin-like growth factors I and I on bone col-
lagen synthesis in rat calvarial cultures. Endocrinology
1989: 124: 301-9.

94. Strong DD, Beachler AL, Wergedal JE, Linkhart TA. In-
sulinlike growth factor II and transforming growth fac-
tor beta regulate collagen expression in human osteo-
blastlike cells in vitro. J Bone Miner Res 1991; 6: 15-23.

95. Aspenberg P, Albrektsson T, Thomgren KG. Local ap-
plication of growth-factor IGF-1 to healing bone. Ex-
periments with a titanium chamber in rabbits. Acta Or-
thop Scand 1989; 60: 607-10.

96. Kirkeby OJ, Ekeland A. No effect of local somatomedin
C on bone repair. Acta Orthop Scand 1992; 63: 447-50.

97. Spencer EM, Liu CC, Si EC, Howard GA. In vivo ac-
tions of insulin-like growth factor-1 (IGF-I) on bone for-
mation and resorption in rats. Bone 1991; 12: 21-6.

98. Skottner A, Arrhenius Nyberg V, Kanje M, Fryklund L.
Anabolic and tissue repair functions of recombinant in-
sulin-like growth factor I. Acta Paediatr Scand Suppl
1990; 367: 63-6.

99. Rodan SB, Wesolowski G, Thomas KA, Yoon K, Rodan
GA. Effects of acidic and basic fibroblast growth factors
on osteoblastic cells. Connect Tissue Res 1989; 20: 283-
8.

100.McCarthy TL, Centrella M, Canalis E. Effects of fibro-
blast growth factors on deoxyribonucleic acid and col-

lagen synthesis in rat parietal bone cells. Endocrinology
1989; 125: 2118-26.

101.Canalis E, McCarthy TL, Centrella M. Growth factors
and cytokines in bone cell metabolism. Annu Rev Med
1991; 42: 17-24.

102.Noda M, Vogel R. Fibroblast growth factor enhances
type beta 1 transforming growth factor gene expression
in osteoblast-like cells. J Cell Biol 1989; 109: 2529-35.

103.Wang IS, Aspenberg P. Basic fibroblast growth factor
increases allograft incorporation. Bone chamber study
in rats. Acta Orthop Scand 1994; 65: 27-31.

104.Wang JS, Choong PFM, Aspenberg P. Infusion of bFGF
enhances bone graft incorporation in rats. [Abstract]
Trans ORS 1996; 14: 83

105.Kawagushi H, Kurokawa T, Hanada K, et al. thFGF
stimulates fracture repair in normal rats and in diabetic
rats with impaired repair ability. [Abstract] Trans ORS
1993: 103.

106.Jingushi S, Heydemann A, Kana SK, Macey LR, Bolan-
der ME. Acidic fibroblast growth factor (aFGF) injec-
tion stimulates cartilage enlargement and inhibits carti-
lage gene expression in rat fracture healing. J Orthop
Res 1990; 8: 364-71.

107.Mayahara H, Ito T, Nagai H, Miyajima H, Tsukuda R,
Taketomi S, Mizoguchi J, Kato K. In vivo stimulation of
endosteal bone formation by basic fibroblast growth
factor in rats. Growth Factors 1993; 9: 73-80.

108.Weiss AP, Olmedo ML, Lin JC, Ballock RT. Growth
factor modulation of the formation of a molded vascu-
larized bone graft in vivo. J Hand Surg Am 1995; 20:
94-100.

109.Marie PJ, Hott M, Perheentupa J. Effects of epidermal
growth factor on bone formation and resorption in vivo.
Am J Physiol 1990; 258: E275-81.

110.Goldring MB, Goldring SR. Skeletal tissue response to
cytokines. Clin Orthop 1990; 245-78.

111.Chyun Y, Raisz LG. Stimulation of bone formation by
prostaglandin E-2. Prostaglandins 1984; 27: 97-103.

112.McCarthy TL, Centrella M, Raisz LG, Canalis E. Pros-
taglandin E2 stimulates insulin-like growth factor I syn-
thesis in osteoblast-enriched cultures from fetal rat
bone. Endocrinology 1991; 128: 2895-900.

113.Keller J, Klamer A, Bak B, He SZ, Tidd L, Sgrensen SS,
Biinger C. Short-Term effect of local application of
PGE-2 on callus in rabbit osteotomy. Eur J Exp Muscu-
loskel Res 1992; 1: 86-92.

114.Canalis E. The hormonal and local regulation of bone
formation. Endocr Rev 1983; 4: 62-77.

115.Chenu C, Pfeilschifter J, Mundy GR, Roodman GD.
Transforming growth factor beta inhibits formation of
osteoclast like-cells in long-term human bone marrow
cultures. Proc Natl Acad Sci USA 1988; 85: 5683-7.

116.Reddi AH, Wientroub S, Muthukumaran N. Biologic
principles of bone induction. Orthop Clin North Am
1987; 18: 207-12.

117.Kamegai A, Shimamura N, Naitou K, Nagahara K,
Kanematsu N, Mori M. Bone formation under the influ-
ence of bone morphogenetic protein/self-setting apatite
cement composite as a delivery system. Biomed Mater
Eng 1994; 4: 291-307.

118.Lian JB, Stein GS. Concepts of osteoblast growth and
differentiation: Basis for modulation of bone develop-
ment and tissue formation. Crit Rev Oral Biol Med
1992; 3: 269-305.

119.Centrella M, McCarthy TL, Canalis E. Effects of trans-
forming growth factors on bone cells. Con Tiss Res
1989; 20:267-75.

120.Sandberg MM, Aro HT, Vuorio EI. Gene expression
during bone repair. Clin Orthop 1993; 292-312.

121.Sandberg MM. Matrix in cartilage and bone develop-
ment: current views on the function and regulation of
major organic components. Ann Med 1991; 23: 207-17.

122.Bolander ME. Regulation of fracture repair by growth
factors. Proc Soc Exp Biol Med 1992; 200: 165-70.

123.Lind M, Frgkjar J, Sgballe K, Biinger C. Inability of
local application of transforming growth factor beta to
promote healing of rabbit femoral condyles. Eur J Exp
Musculoskel Res 1994; 3: 131-6.

124.Beck SL, Deguzman L, Lee WP, et al. TGF-betal bound
to tricalcium phosphate persists at segmental radial de-
fects and induces bone formation. [Abstract] Trans ORS
1995: 593.

125.Nielsen HM, Andreassen TT, Ledet T, Oxlund H. Local
injection of TGF-beta increases the strength of tibial
fractures in the rat. Acta Orthop Scand 1994; 65: 37-41.

126.Sumner DR, Tumer TM, Purchio AF, Gombotz WR,
Urban RM, Galante JO. Enhancement of bone ingrowth
by transforming growth factor-beta. J Bone Joint Surg
Am 1995; 77: 1135-47.

127.Robey PG, Termine JD. Human bone cells in vitro. Cal-
cif Tissue Int 1985; 37: 453-60.

128.Wong GL, Cohn DV. Separation of parathyroid hor-
mone and calcitonin sensitive cells from non-responsive
bone cells. Nature 1974; 252: 713-5.



36

Acta Orthop Scand (Suppl 283) 1998; 69

129.Canalis E, Pash J, Varghese S. Skeletal growth factors.
Crit Rev Eukaryot Gene Expr 1993; 3: 155-66.

130.Kassem M, Risteli L, Mosekilde L, Melsen F, Eriksen
EF. Formation of osteoblast-like cells from human
mononuclear bone marrow cultures. APMIS 1991; 99:
269-74.

131.Sgballe K. Hydroxyapatite ceramic coating for bone im-
plant fixation Mechanical and histological studies in
dogs. Acta Orthop Scand 1993; 64: s255

132. Armitage P, Berry G. Statistical methods in medical re-
search. 3rd ed. Oxford: Blackwell Scientific Publica-
tions 1994,

133.Assoian R. Methods in Enzymology. New York: Aca-
demic Press Inc, 1987; 14, Purification of type-8 trans-
forming growth factor from human platelets. p. 153-63.

134 Roberts AB, Spomm MB, Assoian R, Smith JM, Roche
NS, Wakefield LM, Heine UI, Loitta LA, Falanga V,
Kehrl JH, et al. Transforming growth factor type 8: Rap-
id induction of fibrosis and angiogenesis IN VIVO and
stimulation of collagen formation IN VITRO. Proc Natl
Acad Sci U S A 1986; 83: 4167-71.

135.Strates BS, Kilaghbian V, Nimni ME, et al. Enhanced
periostal osteogenesis induced by TGF-beta adsorbed to
microcrystals of hydroxyapatite. [Abstract] Trans ORS
1992: 591.

136.Keller J, Biinger C, Andreassen TT, Bak B, Lucht U.
Bone repair inhibited by indomethacin. Acta Orthop
Scand 1987; 58: 379-83.

137.Ashhurst DE. The influence of mechanical conditions
on the healing of experimental fractures in the rabbit: A
microscopical study. Phil Trans R Soc Lond 1986; 313:
271-302.

138.Bak B, Jgrgensen PH, Andreassen TT. The stimulating
effect of growth hormone on fracture healing is depen-

dent on onset and duration of administration. Clin
Orthop 1991; 295-301.

139.Bak B, Jorgensen PH, Andreassen TT. Increased me-
chanical strength of healing rat tibial fractures treated
with biosynthetic human growth hormone. Bone 1990;
11: 233-9.

140.Keller J, Hansen ES, He SZ, Andersen PK, Biinger C.
Early hemodynamic response to tibial osteotomy in rab-
bits. J Orthop Res 1991; 9: 539-44.

141.Sgballe K, Hansen ES, Rasmussen HB, Pedersen CM,
Biinger C. Bone graft incorporation around titanium-al-
loy and hydroxyapatite-coated implants in dogs. Clin
Orthop 1992; 274: 282-93.

142 Sgballe K, Hansen ES, Rasmussen HB, Jgrgensen PH,
Biinger C. Tissue ingrowth into titanjum and hydroxya-
patite-coated implants during stable and unstable me-
chanical conditions. J Orthop Res 1992; 10: 285-99.

143.Bobyn JD, Pilliar RM, Cameron HU, Weatherly GC.
The optimum pore size for the fixation of porous-sur-
faced metal implants by the ingrowth of bone. Clin
Orthop 1980; 150: 263-70.

144 Klein CPAT, Patka Pv, Wolke JGC, Groot Kd. Plasma
sprayed coating of tetracalciumphosphate, hydroxylap-
atite and alpha TCP on titanium alloy: an interphase
study. J Biomed Mater Res 1991; 25: 53-65.

145.Tisdel CL, Goldberg VM, Parr JA, Bensusan JS,
Staikoff LS, Stevenson S. The influence of a hydroxya-
patite and tricalcium-phosphate coating on bone growth
into titanium fiber-metal implants. J Bone Joint Surg
Am 1994; 76: 159-71.

146.Klein CPAT, Driessen AA, de Groot K, van den Hooff
A. Biodegradation behavior of various calcium phos-
phate materials in bone tissue. J Biomed Mater Res
1983; 17: 769-84.

147 Richardson L, Zioncheck TF, Amento EP, Deguzman L.,
Lee WP, Xu Y, Beck SL. Characterization of radioiodi-
nated recombinant human TGF-beta 1 binding to bone
matrix within rabbit skull defects. J Bone Min Res
1993; 8: 1407-14.

148.0liver MH, Harrison NK, Bishop JE, Cole PJ, Laurent
GJ. A rapid and convinient assay for counting cells cul-
tured in microwell plates: application for assessement of
growth factors. J Cell Sci 1989; 92: 513-8.

149.Lundy MW, Hendrix TR, Wergedal JE, Baylink DJ.
Growth factor-induced proliferation of osteoblasts mea-

sured by bromodeoxyuridine immunocytochemistry.
Growth Factors 1991; 4: 257-64.

150.Puzas JE, Brandt JS. The effect of bone cell stimulatory
factors can be measured with thymidine incorporation
only under special conditions. Calcif Tissue Int 1986;
39: 104-8.

151.Rodan GA, Rodan SB, Peck WA, editors.Bone and min-
eral. Amsterdam: Excerpta Medica, 1983;Expression of
the osteoblastic phenotype. p. 244-85.

152.Boyan BD, Schwartz Z, Swain LD. In vitro studies on
the regulation of endochondral ossification by vitamin
D. Crit Rev Oral Biol Med 1993; 3: 15-30.

153.Melkko J, Niemi S, Risteli L, Risteli J. Radioimmu-
noassay of the carboxyterminal propeptide of human
type I propeptide. Clin Chem 1990; 36: 1328-32.

154.Risteli J, Niemi S, Trivedi P, Maentausta O, Mowat AP.
Rapid equilibrilium radioimmunoassay for the amino-
terminal propeptide of human type III procollagen. Clin
Chem 1988; 34: 715-8.

155.Egsmose C, Daugaard H, Lund B. Determination of
bone gla protein (osteocalcin) by enzyme-linked immu-
nosorbent assay. Clin Chem Acta 1989; 184: 279-88.

156.Somerman M, Hewitt AT, Varmmer HH, Schiffmann E,
Termine JD, Reddi AH. Identification of a bone matrix
derived chemotactic factor. Calcif Tissue Int 1983; 35:
481-5.

157.Grotendorst GR, Seppid HEJ, Kleinman HK, Martin GR.
Attachment of smooth muscle cells to collagen and their
migration toward PDGF. Proc Natl Acad Sci USA 1981;
78: 3669-72.

158.Falk R, Leonard N, Goodwin B. A 48 well micro
chemotaxis assembly for rapid and accurate measure-
ment of leucocyte migration. J Immun Meth 1993; 33:
239-47.

159.Zigmond S, Hirsch J. Leukocyte locomotion and
chemotaxis: New methods for demonstration of cell de-
rived chemotactic factor. J Exp Med 1973; 137: 387-
410.

160.Burstein AH, Frankel VH. A standard test for laboratory
animal bone. J Biomech 1971; 4: 155-8.



Acta Orthop Scand (Suppl 283) 1998; 69

37

161.Linde F, Sgrensen HCF. Effect of life to death transition
and storage mode on mechanical properties of trabecu-
lar bone. [Abstract] Trans Eur Soc Biomech 1988: 8.

162.Harrigan TP, Kareh J, Harris WH. The influence of sup-
port conditions in the loading fixture mechanism in the
push-out test. A finite element study. [Abstract] J
Orthop Res 1990; 8: 678-94.

163.Dhert WJA, Verheyen CCPM, Braak LH, de Wijn JR,
Klein CPAT, de Groot K, Rozing PM. A finite element
analysis of the push-out test: influence of test condi-
tions. J Orthop Res 1992; 26: 119-30.

164.Gotfredsen K, Budtz-Jgrgensen E, Jensen LN. Prepara-
tion and staining of sections containing titanium im-
plants for light microscopy. Stain Tech 1989; 64: 121-7.

165.Klein CPAT, Sauren YMHF, Modderman WE, van der
Waerden JPCM. A new saw technique improves prepa-
ration of bone sections for light and electron microsco-
py. J Appl Biomat 1996; 5: 369-73.

166.Vesterby A, Kragstrup J, Gundersen HJG, Melsen F.
Unbiased stereologic estimation of surface density in
bone using vertical sections. Bone 1987; 8: 13-7.

167.Gundersen HJG, Bendtsen TF, Korbo L, Marcussen N,
Mgller A, Nielsen K, Nyengaard JR, Pakkenberg B,
S¢rensen FB, Vesterby A, et al. Some new, simple and
efficient stereological methods and their use in patho-
logical research and diagnosis. APMIS 1988; 96: 379-
94.

168.0vergaard S, Lind M, Josephsen K, Sgballe K, Biinger
C. Resorption of hydroxyapatite and fluorapatite coat-
ings on weight-loaded implants. [In Press] J Biomed
Mater Res 1996,

169.Kasperk C, Wergedal JE, Mohan S, Long DL, Lau
KHW, Baylink DJ. Interactions of growth factors
present in bone matrix and bone cells: effects of DNA
synthesis and alkaline phosphatse. Growth Factors
1990; 3: 147-53.

170.Pfeilschifter J, Wolf O, Naumann A, Minne H, Mundy
GR, Ziegler R. Chemotactic response of osteoblastlike
cells to TGF-8. J Bone Min Res 1990; 5: 825-30.

171.Joyce ME, Jingushi S, Scully P, et al. Clinical and ex-

_ perimental approches to dermal and epidermal repair.

New York: Wiley-Liss Inc, 1991; Role of growth factors
in fracture healing. p. 391-416.

172.Brandes ME, Allen JB, Ogava Y, Wahl SM. TGF-81
suppresses acute and chronic arthritis inexperimental
animals. J Clin Invest 1991; 87: 1108-13.

173.Joyce ME, Terek RM, Jingushi S, Bolander ME. Role of
transforming growth factor-8 in fracture repair. Ann N 'Y
Acad Sci 1989; 593: 107-23.

174.Roberts AB, Sporn MB. Transforming growth factor 8.
Adv Can Res 1988; 51: 107-39.

175.Bonewald LF, Dallas SL. Role of active and latent trans-
forming growth factor beta in bone formation. J Cell
Biochem 1994; 55: 350-7.

176.Chu CQ, Field M, Allard S, Abney E, Feldmann M,
Maini RN. Detection of cytokines at the cartilage/pan-
nus junction in patients with rheumatoid arthritis: impli-
cations for the role of cytokines in cartilage destruction
and repair. Br J Rheumatol 1992; 31: 653-61.

177.Lucas PA. Chemotactic response of osteoblast like cells
to transforming growth factor beta. Bone 1989; 10: 459-
63.

178.Rickard DJ, Sullivan TA, Shenker BJ, Leboy PS, Kazh-
dan I. Induction of rapid osteoblast differentiation in rat
bone marrow stromal cell cultures by dexamethasone
and BMP-2. Dev Biol 1994; 161: 218-28.

179.Wang EA, Israel DI, Kelly S, Luxenberg DP. Bone mor-
phogenetic protein-2 causes commitment and differenti-
ation in C3H10T1/2 and 3T3 cells. Growth Factors
1993; 9: 57-71.

180.Piche JE, Graves DT. Study of the growth factor re-
quirements of human bone-derived cells: a comparison
with human fibroblasts. Bone 1989; 10: 131-8.

181.Cook SD, Salkeld SL, Rueger DC. Evaluation of recom-
binant human osteogenic protein 1 (thOP-1) placed in
dental implants in fresh extraction sites. J Oral Impl
1995; 21: 281-9.

182.Sgballe K, Hansen ES, Rasmussen HB, Hjortdal VE,
Juhl GI, Pedersen CM, Hvid 1, Biinger C. Gap healing
enhanced by hydroxyapatite coating in dogs. Clin Or-
thop 1991;272:300-7.

183.Spballe K, Hansen ES, Rasmussen HB, Pedersen CM,
Biinger C. Hydroxyapatite coating enhances fixation of
porous coated implants. A comparison in dogs between
press fit and noninterference fit. Acta Orthop Scand
1990; 61: 299-306.

184.Lindholm TS, Gao TJ. Functional carriers for bone mor-
phogenetic proteins. Ann Chir Gynaecol Suppl 1993;
207: 3-12.

185.Sciadini MF, Dawson JM, Berman LM, et al. Dose-re-
sponse characteristics of recombinant human bone mor-
phogenetic protein-2 in a canine segmental defect mod-
el. [Abstract] Trans ORS 1995: 594.

186.Critchlow MA, Bland YS, Ashhurst DE. The effects of

. age on the response of rabbit periosteal osteoprogenitor

cells to exogenous transforming growth factor-beta 2. J
Cell Sci 1994; 107: 499-516.

187.Bechtold JE, Sgballe K, Wang JY, et al. Cytokine re-
lease: Effects of implant stability, previous implanta-
tion, and bone graft. [Abstract] Trans ORS 1996: 71.





