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The involvement of the insulin-like growth factors (IGFs) in long bone
growth and development is well established. However, the role of the IGF
binding proteins (IGFBPs), which may modulate IGF actions. within the fetal
epiphyseal growth plate is not understood. Ovine fetal growth plate chondrocyte
monolayers expressed and released IGFBPs -2, -3, 4, -5 and possibly -6. The
levels of the IGFBPs were differentially regulated by IGF-1, IGF-II, transforrning
growth factor-p. insulin and cortisol, suggesting a dynamic control of chondrocyte
IGFBPs. Exogenously added IGFBPs were shown to modulate IGF-Il-stimulated

DNA synthesis in these cultures.
IGF-1, IGF-II and IGFBP proteins were similarly localized in specific
regions of the in vivo growth plate suggesting possible interactions between
them. IGFBP messenger RNAs within the growth plate were below the detection
limits of in situ hybridization. However, IGFBP transcripts were detected using
reverse-transcription polymerase chain reaction (RT-PCR).
These findings suggest that the local availability of IGFBPs rnay
contribute to IGF action during growth plate development.

Keywords: insulin-like growth factor binding proteins, fetal growth regulation,
growth plate, chondrocytes, growth factors
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CHAPTER 1
LITERATURE REVIEW
1.1

LONG BONE GROWTH AND DEVELOPMENT
Longitudinal skeletal growth is a product of new bone formation within

the long bones of the lirnbs and the vertebrae. Long bone formation begins in a
vertebrate during the embryonic period with Iimb bud outgrowth. From this,
individual bones develop, grow and remodel throughout an individual's life.
Cartilage is the template on which much of skeletal bone is fonned.
Chondrocytes are the specialized cells within cartilage which provide the
developing embryo a rigid yet rapidly expanding skeleton, and the fetus and child
with enomous potential for longitudinal growth. Normal longitudinal growth is
achieved by the coordinated recruitment, proliferation. differentiation, maturation
and eventual death of the cells of growth plate and bone. These processes are
coordinated by a large number of systemic and local factors which control the
timing of differentiation and cell division in growth plate and bone. IGF-1 and IGFII are key factors known to be associated with long bone growth and

development in many species. The insulin-like growth factor (IGF) system and its
interactions with local and systemic growth factors and hormones in the growth
plate of fetal sheep long bones is the focus of the current study.

1.1.1

The Epiphyseal Growth Plate

Cartilage
Cartilage connective tissue is composed exclusively of cells called
chondrocytes and a highly specialized extracellular matrix. This tissue is not
innervated, and is also nomially avascular, with the exception of the growth plate

in which the invasion of the hypertrophie cartilage zone by blood vessels is a
crucial step for the replacement of cartilage by bone (Kuettner 8 Pauli 1983).
The matrix sewes as the route for the diffusion of substances between the blood
vessels in the surrounding connective tissue and the chondrocytes. In the area
where cartilage is to develop in the embryo, mesenchymal cells become rounded
and form a mass of cells with relatively little intercellular material. As these
precursor cells enlarge and differentiate, they begin to produce cartilage matrix.
They progressively rnove apart as they continue to deposit matrix. When they

are completely surrounded by matrix material, the cells are called chondrocytes
(Ross & Romrell 1989).

1.1.1-2

Development and Organization of Bone
The development of bone is traditionally classified as endochondral or

intramembranous. according to whether a cartilage model serves as the
precursor of bone (endochondral ossification) or whether the bone is formed
without the intervention of a cartilage precursor (intramernbranous ossification).
The actual deposition of bone matrix is essentially the same in the two modes of
bone formation (Hall & Newman 1991).
Bone developed by intrarnembranous ossification is formed through
the differentiation of mesenchymal cells into osteoblasts. This is typical of the Rat
bones which form the

craniofacial skeleton (Hall 8

Newman 1991).

Endochondral ossification is the process by which most of the skeleton including
long bones of the limbs form. Prenatal development of long bones begins by
formation of an outgrowth from the trunk, the limb bud (Collin-Osdoby 1994; Ham
& Cormack 1979; Caplan 1988). The limb bud is a mesoderrnal structure

covered by ectoderrn. The first visible outline of the embryonic limb follows a
condensation of mesenchymal cells which subsequently differentiate into
cartilage cells (chondrocytes) which grow to produce the cartilage model of

future bone. The development of long bones proceeds as shown in Figure 1.1.
Surrounding this cartilage is the perichondrium, the outer layer of which becomes

a connective tissue sheath while the inner layer consists of undifferentiated
chondrogenic cells. The cartilage model increases in size largely by further
differentiation of chondrogenic cells from the perichondriurn, chondrocyte cell
division and cartilage matrix production. Once the model reaches a critical size,
the

inner-most

chondrocytes

form

hypertrophic

chondrocytes.

These

chondrocytes enlarge at the expense of surrounding cartilage matrix which
becomes compressed. The hypertrophic cells begin to synthesize alkaline
phosphatase and, concomitantly, the cartilage matrix undergoes calcification.

Hypertrophie cells die, likely as a result of the diffusicn barrier to nutrients
caused by their calcified matrix. Chondrocyte hypertrophy coincides with the
initiation of primary ossification (Poole 1991).
Concurrent with the changes just described in the interior of the
cartilage model, the perichondrial cells no longer give rise to chondrocytes.
Instead, a stacked cell layer with osteogenic potential exists within the
perichondrium at the site where primary ossification will take place (Caplan
1988). The region of perichondrium at the diaphyseal portion of the developing
bone is now terrned periosteum. By this process, a small collar of bone forms
between hypertrophic chondrocytes and the periosteum, down around the midshaft of the bone. This ossification is a result of the inner perichondrial cells
differentiating into bone forming celis, the osteoblasts.
At the same time, vascularization of the perichondrium occurs. This
provides a suitable environment for osteogenic cells to differentiate into
osteoblasts (Collin-Osdoby, 1994). Osteoblasts. together with capillaries, invade
the centre of the shaft to form a primary, or diaphyseal ossification centre, at the
site of hypertrophying calcified cartilage. Endochondral bone formation occurs in
the spaces vacated by cartilage on remnants of cartilage matrix called
trabeculae. Trabeculae act as axial calcified cartilaginous scaffolds ont0 which

Figure 1.1. Schematic diagram of the developrnent of a typical long bone as
shown in longitudinal sections (1 to 9). The shaded areas symbolize cartilage. (1)
The original cartilage model of bone; (2) a periosteal collar of bone forms about
the diaphysis (shaft) of the cartilage model; (3) cartilaginous matrix in the
diaphysis begins to calcify, cartilage cells adjacent to periosteum hypertrophy;
(4) vascularization and bone formation results in a bone bridge (diaphysis) or

division of the cartilage into two zones of ossification; (5) continued growth in
length and width of bone; (6) initiation of secondary centre of ossification in the
proximal epiphysis, blood vessels invade epiphyseal cartilage; (7) bone and
secondary centre of ossification continue to grow; (8) initiation of secondary

centre of ossification in distal epiphysis; (9) postnatal closure of epiphyseal
growth plate.

INSERT a): Architecture of the Epiphyseal Growth Plate.

Source: Redrawn from information supplied by Ross & Romrell(1989).

osteoblasts settle. Osteoblasts secrete osteoid which calcifies, giving rise to
woven bone. Eventually a bone bridge across the midsection of the cartilage
model is formed. The bony midsection continues to grow and f o m the diaphysis
(shaft) of the bone. The processes of angiogenesis, bone formation and bone
degradation are al1 essential for the continued replacement of the cartilage
model with bone.
The two cartilaginous ends of the original cartilage model, the
epiphyses, are now separated by the bony diaphysis. Cartilage at each epiphysis
appears as a distinct linear arrangement of chondrocytes at various stages of
differentiation which collectively fom two separate epiphyseal growth plates at
each end of the bone.

1.1.1.3

Growth in Length of Long Bones
While cartilage is being replaced by bone in the diaphyseal center of

ossification, interstitial growth of the hyaline cartilage of the epiphyses continues.
Chondrocytes in the epiphyseal growth plate pass through defined rnorphological
stages of maturation (Howlett 1979) (Figure 1.1 [Insert a]). The progressive

differentiation of individual chondrocytes after their emergence from the stem cell
population until terminal differentiation and matrix mineralization is associated
with well-documented changes in proliferative rate and macromolecular
synthesis (Robertson 1990). Adjacent to the epiphysis a stem cell population
resides consisting of spherical cells exhibiting little or no cell division (Kember

1960),called the zone of germinal or reserve cartilage. Proteoglycan and type
118 collagen synthesis is low in this zone.

Chondrocytes in the germinal zone become activated and give rise to
a zone of closely packed and highly proliferative cells, in the proliferative zone.
Chondrocytes within this zone proliferate along a perpendicular axis resulting in
thin cells stacked in columns. Cells within the proliferative zone continuously

cycle and secrete an extracellular rnatrix chiefly consisting of cartilage-specific
type II collagen fibrils and large chondroitin sulfate-rich proteoglycans that
aggregate with hyaluronic acid. These contain both chondroitin Csulfate and
chondroitin 6-sulfate and keratan sulfate, the latter being more common in the
hypertrophic zone (Heinegard et al. 1988). A small, ubiquitous proteoglycan
decorin, containing a single chondroitin sulfate or dematan sulfate chain, is
produced in the epiphyseal cartilage and in the germinal zone, but not in the
proliferating. maturing, and hypertrophic zones (Poole & Pidoux 1986).
Cells of the zone of maturation are indistinguishable from those of the
previous zone, but have decreased DNA synthesis (Kember 1978). Type II
collagen synthesis remains high. After a finite number of replications
chondrocytes cease to divide, and begin to hypertrophy. In this zone of 'upper
hypertrophic' cells, the chondrocytes undergo significant enlargernent and are
clearly arranged in columns separated by longitudinal septa of cartilage matrix.
Cells demonstrate a decreased nuclear labelling index but an increased rate of
collagen and sulphated glycosaminoglycan (GAG) synthesis. In cartilage, most
of the chondroitin- and keratan sulfate chahs are linked to serine residues of the
cartilage specific cure protein (Dorfman et al. 1979; Hascall 1981). The core
protein contains a hyaluronic acid-binding dornain, thus forming large aggregates
with this molecule. In the proximal tibia1 growth plate of the bovine fetus,
aggrecan, the large cartilage proteoglycan, and hyaluronic acid concentrations
progressively increase in the extracellular matrix of maturing and hypertrophic
zones, being maximal at the time of mineralization (Poole & Pidoux 1986).
During the terminal stages of hypertrophy, cells are located in the lower
hypertrophic zone of cartilage and, in the immediate proximity of the diaphysis of
long bones, they are very large and will begin matrix mineralization as a
precursor to bone. Terminal differentiation in this zone is characterized by a
dramatic fall in GAG synthesis but a maintenance of collagen synthesis; a switch
from the expression of type II to type X collagen, which is thought to facilitate

calcification and the appearance of alkaline phosphatase activity (Brighton
1965). Bone is formed from cartilage matrix in an area called the metaphysis.
Later in development, a secondary centre of ossification forms in each
epiphysis in a similar way to the process of initial bone formation. The mature
epiphysis therefore consists of a thin layer of articular cartilage present on the
outside of bone and a transverse plate of cartilage extending across the bone
separating the epiphyseal frorn the diaphyseal ossification centre. This is the
epiphyseal growth plate. The epiphyseal growth plate contains the columns of
cartilage cells whose proliferation will be responsible for the growth in length of
the bone until adult stature is attained. Chondrocyte proliferation then ceases (at
puberty) and the epiphyseal plates are replaced by bone. Growth of cartilage in
the epiphyseal plate is continuous, but the plate does not become thickened
because on its diaphyseal side the cartilage matures, is calcified. resorbed and
replaced by bone. The region at the bone (diaphysis)-cartilage (growth plate)
boundary called the metaphysis, is characterized by cartilage degradation, bone
formation and angiogenesis. The periosteum and perichondrium constitute a
continuous layer on the outside of mature bone, with potential for bone or
cartilage formation depending on vascularization and whether the layer is
adjacent to bone or cartilage. In the growing child the epiphyseal growth plate is
a site of many complex cellular events; namely cartilage growth, maturation,

resorption and bone formation. Disturbance of any one of these processes may
be refiected in growth retardation.

1.l.
1.4

Growth in Diarneter of Long Bones
As an individual's height increases, the bone must increase its

diameter. This is achieved by new bone being laid down by the osteogenic layer
of the periosteum. This is intramembranous ossification that does not involve
prior cartilage formation. However, the shafts of long bones do not increase in

width significantly, as this would increase skeletal mass excessively, because
there is resorption of bone on the inner (endosteal) surface by bone resorbing
cells, the osteoclasts.

1.1.1.5

Vascular Supply
The secondary ossification centre is supplied by the epiphyseal artery,

branches of which end in the proliferating cartilage zone. The rnetaphysis is
supplied mainly by the nutrient artery, with the periphery having an additional
supply from metaphyseal vessels (Chung 1976).Terminal branches of these
arteries end in capillary loops below intact cartilage septae that delineate the end

of the cartilage zone. These capillaries drain into the large central vein of the
diaphysis. Since there are no branches from metaphyseal or epiphyseal arteries
to the hypertrophie zone, this region of the growth plate is avascular. Only the
proliferative zone has an abundant blood supply (Price et al. 1994).

1.2

GROWTH FACTOR AND HORMONAL REGULATION OF LONG
BONE GROWTH AND DEVELOPMENT
Endocrine factors acting directly or indirectly, with peptide growth

factors

produced

locally

and

stored

within

the

bone and

cartilage

microenvironment have been implicated both in the induction of mesoderm and
differentiation of the first cartilaginous model of the bone in the early embryo and
in the growth and differentiation of chondrocytes within the epiphyseal growth
plate leading to endochondral bone formation. Three major classes of peptide
growth factors have been associated with these processes: the transforming
growth factor

P family (TGF P),

the fibroblast growth factor family (FGF), and the

insulin-like growth factors (IGFs), including insulin. Hormones implicated in
cartilage differentiation and metabolism include, growth hormone (GH),
parathyroid hormone (PTH), thyroid hormones [triiodothyronine (T,)

and

thyroxine (T4)],and steroid hormones (Cancedda et al. 1995; Price et al. 1994;
Nilsson et al. 1994; Loveridge & Farquharson 1993; Goldring & Goldring 1990;
Canalis et al. 1988;Price & Russell 1992; Martin et al. 1989).

1.2.1

THE IGF SYSTEM IN BONE GROWTH AND DEVELOPMENT

1.2.1.l Introduction
The process of bone development, growth and remodelling is
coordinated by a large number of systemic and local factors which control the
timing of differentiation and cell division. Of the growth factors, those with the
most potent effects on growing skeletal tissue are the IGFs. Both IGF-I and IGFII stimulate osteoblast and chondrocyte proliferation, induce differentiation in

osteoblasts and maintain the chondrocyte phenotype (McCarthy et al. 1989;
Sandell et al. 1988).

1.2.1.1.1 Discovery

The insulin-like growth factors (IGFs) were discovered by their ability to
mediate the effects of growth hormone (GH) induced long bone growth. Salmon
& Daughaday (1957) determined that the incorporation of sulfate into cartilage,

as a measure of bone growth, was impaired in hypophysectomized rats and
could be restored by the administration of GH.

GH, or serum from

hypophysectomized rats, were unable to stimulate sulfate incorporation of
hypophysectomized cartilage in vitro, however, serum from normal rats was able
to stimulate a MO-to three-fold increase in sulfate uptake. They hypothesized
that there was an intermediary substance in serum required for the action of GH.
The biological activities of this substance, originally termed "sulfation factor",
were expanded beyond the study of cartilage sulfation to include stimulation of
DNA synthesis (Daughaday & Reeder 1966), proteoglycan synthesis (Hall &

Uthne 1971), glycosaminoglycan synthesis (Daughaday et al. 1975),and protein
synthesis (Salmon & Duvall 1970). The "sulfation factor" was renamed
"somatomedinn (Daughaday et al. 1972), for being the mediator of the effects of
somatotropin (GH) and thus "the somatomedin hypothesis" was coined.
During this early period, parallel studies were initiated to define
specific factors in serum that could stimulate insulin-like effects. Because these
factors were known to be distinct from immunoreactive insulin, bioassays were
based on the detection of insulin-like actions that could not be abolished by the
simultaneous addition of anti-insulin antibody, the factors were termed
nonsuppressible insulin-like activity (NSILA) (Froesch et al. 1966).Highly purified
preparations of NSllA and sornatomedin were prepared from serurn extracts.
These factors each stimulated glucose incorporation into fat as well as sulfate
incorporation into cartilage (Froesch et al. 1976). It was concluded that these
factors might be very similar or identical and that their structures would be similar
to insulin. Similarity to insulin was proven when the amino acid sequence of
NSliA was deduced and was shown to be 48% homologous with human
proinsulin (Rinderknecht & Humbel 1978a). Based on this, it was renamed
insulin-like growth factor I (IGF-1). Sequencing of a second bioactive insulin-like
molecule revealed its structure to be sirnilar but not identical to IGF-I and it was
termed insulin-like growth factor-Il (IGF-II) (Rinderknecht 8 Humbel 1978b).

1.2.1.1.2 Structure and Regulation

The lGFs are peptides that have structural homology with proinsulin,
organized into similar B, Cl and A domains. The precursor peptides have a
hydrophobic signal peptide in the amino teminus and variable lengths of D and
E peptides in the carboxyl terminus not found in proinsulin. The amino-terminal

signal peptide and carboxyl-terminal E domain peptide are proteolytically cleaved
from a pre-pro-IGF peptide to generate mature IGF. The amino acid sequence of

the IGFs is highly conserved between species (Brown & Rechler 1990). IGF-1,
previously known as somatomedin-C, is a 70-amino-acid basic, single chain
polypeptide, with a predicted molecular weight of 7648 daltons (Da) and an
isoelectric point (pl), 8.8. It is secreted by liver and rnany tissues in postnatal life
in response to growth hormone. In fetal life. its synthesis is low and independent
of growth hormone. Nutritional factors are important regulators of IGF-I secretion

in both fetus and growing animals. It is a very potent mitogenic and
differentiation-promoting factor in many cells. IGF-II is a 67-amino-acid neutral
peptide with a relative molecular weight of 7469 Da, pl. of 6.7 and has 60%
homology with IGF-1. It is also secreted by various tissues but, unlike IGF-1, its
secretion is not regulated by growth hormone. In the fetal serurn of some species
such as rat and sheep, IGF-II concentrations are significantly higher than in
adults. suggesting that IGF-II may be more important during fetal life (Moses et
al. 1980; Soares et al. 1985, 1986; Brown et al. 1986). In contrast, human and
bovine IGF-II serum levels are higher in the adult than in the fetus (Boulle et al.
1993). In the rnouse and hurnans the IGF-II gene is imprinted therefore produces
transcripts from only the paternal allele, except in the choroid plexus and
leptomeninges where genomic imprinting does not arise (DeChiara et al. 1990,
1991). IGF-II is a mitogen but, in most cell types. it is less potent than IGF-I. It
also has insulin-like metabolic actions and is more potent than IGF-I in this
regard.

1.2.1.2

IGF Actions in Bone Growth

1.2.1.2.1 The in vivo Actions of IGF in the Growth Plate

The functions of IGF-I and IGF-II on fetal development have been
studied using gene targeting and transgenic approaches. Evidence has
accurnulated on the involvement of IGFs in fetal bone growth. Targeted deletion
of either IGF-I or IGF-II gene expression during mouse fetal development results

in whole animal growth retardation (Baker et al. 1993; Lui et al. 1993; DeChiara
et al. 1990; 1991). At birth, mice homozygous for a targeted disruption of either
IGF are 40% smaller than the birth weight of their normal littermates (Lui et al.
1993; De Chiara et al. 1990). Long bones from IGF-I and IGF-II knockout rnice
are described as 1-2 days less mature than normal littermates at a given fetal
age (Lui et al. 1993). Interestingly, although neither IGF-II nor IGF-1-targeted
deletion appears to resuM in major abnormalities of bone growth (detailed
information on the histology of bones from these mice is not available) at least
through the embryonic period, IGF-I receptor deletion is associated with a
significant delay in the development of ossification centers (Lui et al. 1993). This
observation was confined to the ernbryonic period, since nuIl receptor mice do
not survive postnatally. Receptor deletion has prominent effects on bone growth
before birth and this supports the view that IGFs play a significant role in
ernbryonic skeletal development. The fact that IGF-I nor IGF-II deletions
produced similar effects could be explained by redundancy in the effects of the

two peptides.
Numerous studies investigated the effects of over-expression of IGF-I
or IGF-II in transgenic mice. Results from this model rarely include an analysis of
bone and are exclusively targeted at the postnatal period. There is wide variation
in the results obtained from these studies. Additionally, elevated circulating levels
of IGF-I or IGF-II may not have an effect on tissues where normal levels are not
rate limiting for a biological response or if these tissues are not responsive to
circulating IGF. Mice carrying copies of the human IGF-1 gene fused to the
metallothionein-l promoter displayed elevated IGF-I levels and increases in
overall body weig ht largely due to increased muscle, brain, spleen, kidney and
pancreas mass (Mathews et al. 1988). However no difference between normal
and transgenic mice was found in bone length or accumulated bone growth
despite a rnodest increase of 1.5 times the normal circulating level of IGF-I. The
local expression of the IGF-I transgene was not investigated in this study

(Mathews et al. 1988). In contrast. when IGF-I transgenic mice were crossed
with GH-deficient mice. mice carrying both transgenes express IGF-I in the
absence of GH and exhibit weight and linear growth indistinguishable from that
of their non-transgenic siblings which suggests a role for IGF-I independent of
GH (Behringer et al. 1990). It is likely that the difference between the two studies

reflects differences in the local production of IGF-I between these two sets of
animals.
In mice carrying an IGF-II transgene, there was generally no change
observed in the overall body weight despite 2-3 fold higher serum levels of IGFII. There was, however, disproportionate growth between some organs
postnatally (van Buul-Offers et al. 1995; Wolf et al. 1994; Ward et al. 1994).
Bone growth parameters measured by Wolf et al. (1994) were not significantly
different between transgenic mice and controls.
Evidence for IGF-I involvement in postnatal bone growth and
development can be found in Laron dwarfç which is a model for postnatal IGF-l
deficiency. This human syndrome named Laron syndrome or primary GH (growth
hormone) insensitivity is characterized by mutations in the GH receptor gene
resulting in people that are shorter and lighter than normal (Laron 1995). Most
Laron dwarfs also have delayed skeletal maturation (Laron & Klinger 1994;
Savage et al. 1993). Postnatal serum levels of IGF-I in Laron syndrome are
Ulml; 50 nglml), and the administration of GH is ineffective in
negligible (~0.07
raising IGF-I levels or in stimulating growth (Cotterill et al. 1992). The phenotype
observed postnatally in Laron syndrome is believed to arise as a result of IGF-I
deficiency (Laron 1995). Supporting evidence comes from studies in which an
increase in growth (height and weight) is observed when children with this
syndrome are treated systemically with IGF-I (Laron & Klinger 1994; Heinrichs et
al. 1993; Laron et al. 1992). Although some studies report that GH has additional
direct effects on long bone growth (to either stimulate local production of IGF-I or
effects independent of IGF-1), it seerns that these make only a small contribution

to the postnatal phenotype observed in Laron syndrome (Ohlsson et al. 1992b;
Baker et al. 1992; Isaksson et al. 1987). Despite the direct effects of GH, the
Laron dwarf is a good model for IGF-1 deficiency postnatally, but is not a good
model for understanding events during fetal development.
At birth, the length of Laron dwarfs is significantly shorter but their
weight is normal compared to babies without the syndrome (Laron et al. 1966).
The growth retardation in Laron dwarfs at birth does not approach the severity
(40% reduction) observed in IGF-1 deficient mice at birth. This may be because

IGF-I production prenatally is controlled independently of GH. When fetal sheep
are treated with GH, there are no changes in IGF-I and IGF-II plasma levels but
there are modest changes in overall fetal weight (Gluckman & Butler 1985). GH
treatment does not alter the release of either IGF-I or -II from cartilage explants

or isolated chondrocytes from the hurnan or ovine fetus (Hill 8 DeSousa 1990;
Hill et al. 1985a. b). GH is present in human pituitary from at least 12 weeks of
gestation and, in midtrimester, can reach circulating levels in excess of 100
nglml. Circulating levels of GH reach pubertal levels in the human and sheep
fetus in midgestation (Gluckman et al. 1981). Despite ample GH and its
receptors in fetal tissues, there is little or no evidence that GH plays a role in the
regulation of fetal growth. While the growth hormone receptor may appear on
some tissues prior to birth, this does not include chondrocytes (Barnard et al.
1988). Similarly, while GH receptor immunoreactivity is present in the hurnan
fetal pancreas and liver from late first trimester, none is detectable in the
musculo-skeletal system including the epiphyseal growth plates (Hill et al.
19924). It is thought that a biological response to GH does not necessarily follow
receptor occupancy (Milner & Hill 1987). The minor intrauterine effects observed
in Laron syndrome therefore could be due to an absence of other actions
nomally carried out by GH in the fetal period.
In contrast, others have demonstrated growth hormone receptor on
human fetal rib and costal cartilage (Werther et al. 1993). Animal studies

showing that fetal hypophysectorny does not lead to growth failure and clinical
evidence of anencephalic fetuses having normal size, support the view that fetal
growth is independent of GH (Barnes et al. 1977; Honnebier 8 Swaab 1973).
Werther et al. (1993) suggested that there is redundancy in fetal growth and
other systems, so that depletion of a primary hormone or growth factor may be
cornpensated for by a related secondary hormone. The IGFs may be candidates
for this role, with IGF-I and IGF-II both thought to be major fetal growth factors,
acting via a common IGF-I receptor (Browne 8 Thorburn 1989; Gluckman et al.
1981; Gluckrnan 1989). "Knockoutn of the IGF-II gene by homologous
recombination leads to a very early but unsustained impairment of growth
velocity (DeChiara et al. 1990). potentially due to the compensatory role of IGF-1.
Similarily, placental and pituitary GH may play such a redundancy role, acting via
a common GH receptor (Frankenne et al. 1988), accounting for the finding that
the anencephalic fetus is not markedly growth retarded at birth. A nurnber of in
vitro studies have previously suggested that human fetal tissues may be
responsive to human placental lactogen (placental GH) (Strain et al. 1987; Hill et
al. 1985 a, b) but less so to GH.
IGF-I has stimulatory effects on bone growth indices such as growth
plate width when adrninistered in vivo, either directly into the growth plate or
indirectly into an adjacent artery supplying the growth plate (Guier et al. 1988;
Schlechter et al. 1986; Schoenle et al. 1985; Russell 8 Spencer 1985);
accumulated bone growth (Glasscock et al. 1992; Schmid et al. 1989; Guler et
al. 1988; lsgaard et al. 1986); protein production (Martinez et al. 1994); mineral

density and bone formation (Ammann et al. 1993; Spencer et al. 1991);
longitudinal growth rate (Tobias et al. 1992) and chondrocyte activities at various
stages of differentiation (includes cell height and volume and cell cycle time)
(Hunziker et al. 1994). These results have al1 been obtained in postnatal animals

with either normal or deficient circulating IGF-I levels. Fewer studies investigating
the effects of IGF-II administration on long bones have been carried out.

Schoenle (1985) found that IGF-II infusion into hypophysectomized rats resulted
in an increase in growth plate width. On an equivalent basis, IGF-II was less

potent than IGF-I at stimulating this increase (Schoenle et al. 1985). No effect on
skeletal growth was found by Glasscock et al. (1992) when IGF-II was infused for
a period of 8 days into neonatal hypophysectomized rats. Similar studies on the

infusion of IGF-I or IGF-II into the fetus have not been reported.

1.2.1.2.2 The in vitro Actions of IGF on Chondrocytes

The

release of

both

IGF-I

and

-II, and

their

action

as

autocrinelparacrine factors, is demonstrated for growth plate chondrocytes when
isolated and also in situ. Numerous varying effects of IGF-I and IGF-II on these
cells are reported. In interpreting these effects, it must be kept in mind that cells

in vitro do not necessarily behave as they do in vivo (Erlebacher et al. 1995).
Often, isolated cells grown in culture represent a mixed population instead of a
single phenotype (Wlodarski 1990). Also, in an in vivo situation, a particular
component of the IGF systern may not be available to elicit the biological
response observed in vitro.
Insulin-like growth factors4 and -II are both mitogenic for chondroctyes
isolated from chick, rat, cow, sheep and human (Burch et al. 1986; Hill & Logan
1992a; Makower et al. 1989; Trippel et al. 1989; Vetter et al. 1986). Their relative
potency differs between species and stage of development. When ovine or
human fetal chondrocytes or cartilage explants were considered, IGF-I was at
least one order of magnitude more active as a mitogen than was IGF-II (Hill &
Logan 1992a; Ashton & Otremski 1986). In contrast, when human fetal
chondrocytes were grown in soft agar, IGF-II was more potent than IGF-I and
similar results were obtained with micromass cultures of embryonic rat limb
explants (Bhaumick & Bala 1991; Vetter et al. 1986).

IGFs have also been shown to stimulate processes associated with
differentiation. One of the first recorded biological properties of IGFs is their
ability to promote sulphated rnucopolysaccharide synthesis by articular cartilage
(Froesch et al. 1976). IGF-I not only promotes sulphation of glycosyl residues of
proteoglycans, which represents the final stage in their biosynthesis, but
enhances the synthesis of the core proteins and causes an elongation of existing
chondroitin suphate chahs (Kilgore et al. 1979; Kemp et al. 1984; Silbergeld et
al. 1981). Both collagen and non-collagen proteins (proteoglycans) increase

when lGFs are added in culture (Hill & Logan 1992a; Maor et al. 1993b; Sah et
al. 1994; Demarquay et al. 1990). Both IGF-I and -II are able to increase
collagen and sulphated mucopolysaccharide synthesis by ovine fetal growth
plate chondrocytes; although IGF-1, with a half maximal effective concentration of
1.5 nM, is five-times more potent than IGF-II (Hill & Logan 1992a). Relative
potencies of IGF-I and IGF-II may be due to their relative affinities for the Type I
IGF receptor and culture conditions.

1.2.1.3

Signal Transduction via IGF Receptors

There are two known receptors that specifically recognize the IGFs.
The IGF-I receptor or Type I receptor has a high degree of homology with the
insulin receptor and is the only IGF receptor to display IGF-mediated signaling
responses (Jones & Clemmons 1995; LeRoith et al. 1995). The IGF-II receptor
or the Type 2 IGF receptor, is identical to the cation independent mannose 6phosphate receptor, which functions in the trafficking of lysosomal enzymes but
has no known IGF signaling function. The insulin receptor can also binds IGFs

but with low affinity, and hybrid IGFlinsulin receptors have been isolated that
bind the IGFs and potentially transmit a cytoplasmic signal, at least in vitro
(Jones & Clemrnons 1995).

Studies with blocking antibodies and IGF analogues with reduced
affinity for the IGF-I receptor have demonstrated that IGF-I and IGF-II exert most
of their biological effects through the IGF-I receptor (Mottola & Czech 1984;
Conover et al. 1986; Furlanetto et al. 1987; Kiess et al. 1987; Adashi et al.
1990). Direct genetic evidence for the role of IGF-I receptor in signaling is

provided by "knockoutnexperiments. IGF-I receptor and IGF-IIIGF-I receptor nuIl
mutants are phenotypically identical, providing genetic evidence that the
biological effects of IGF-I are mediated through the IGF-I receptor only (Lui et al.
1993).
IGF-II binding to the Type II IGF receptor is believed to modulate the
availability of IGF-II to the Type I IGF receptor. The Type II receptor may function
primarily in the clearance and degradation of IGF-II from the extracellular
environment (Liu et al. 1993; Lau et al. 1994; Jones & Clemmons 1995). Mice
with IGF-II receptor nuIl mutations die at birth with a 30% increase in birth weight
cornpared to normal littermates (Wang et al. 1994). These mice displayed organ
and

skeletal

abnormalities

and

missorted mannose-6-phosphate-tagged

proteins. Crossing the IGF-II mutants with IGF-II receptor mutants resulted in
rescue of the IGF-II receptor phenotype indicating that it was likely caused by
excess of unbound or free IGF-II (Wang et al. 1994).
High affmity type-1 IGF receptors have been demonstrated on growth
plate chondrocytes (Trippel et al. 1983, 1988; Jansen et al. 1989; Makower et al.
1989; Postel-Vinay et al. 1983) while chondrocytes from multiple sources are

also rich in type-2 IGFlcation-independent mannose-6-phosphate receptors,

which have high affmity for IGF-II (Jansen et al. 1989; Foley et al. 1982; Wang et
al. 1995). Analysis of IGF binding sites in bovine epiphyseal cartilage using the
autoradiographic localization of radiolabelled IGF-I showed that ligand binding
was associated with proliferative, and upper and lower hypertrophie cells
throughout the growth plate, although binding was greatest over the proliferative
layer of cells which also demonstrated the greatest DNA synthetic rate (Trippel et

al. 1986). Makower et al. (1989) also found that the highest abundance of IGF-I
binding sites is found in the proliferative zone.

1.2.1.4

IGF Distribution

The location of IGF receptors in bone strongly implies a role for IGFs.
However, any biological response requires the presence of IGF-I and/or JGF-I1.
IGF-I has been found in cartilage, however not al1 studies agree on the
presence or absence of IGF-I within cartilage zones of the growth plate.
Although the presence of IGF-I in the proliferative zone is generally agreed upon
(Lazowski et al. 1994, Nilsson et al. 1990; Middleton et al. 1996).presence in the
reserve and hypertrophie zones is still uncertain (Wang et al. 1995; Hanna et al.
1995).

Few studies have described the cellular localization of IGF-II in the
growth plate. Sorne studies have demonstrated the release of IGF-II from fetal
chondrocytes (Hill & DeSousa 1990; Lee et al. IWO).
Widespread expression of IGFs and the Type I receptor in cartilage
strongly suggests that actions of IGF are exerted locally, either on their cells of
synthesis (an autocrine mode of action), or on nearby cells (a paracrine mode of
action) (D'Ercole 1991).

The

release

of

both

IGF-I

and

-II, and

their

action

as

autocrinelparacrine factors, is demonstrated for growth plate chondrocytes when
isolated and also in situ.

In non-cartilaginous tissues of man and rat, the

expression and release of IGF-II is greatly in excess of IGF-I in embryonic and
fetal life, but their relative abundance changes in favour of the latter during
postnatal development, such that in rat, IGF-II gene expression becomes limited
to the brain under normal physiology (Lund et al. 1986). It is not clear whether
this ontogeny of IGF expression also applies to growth plate chondrocytes.

lsolated chondrocytes from the lamb released immunoreactive IGF-II. but no
detectable IGF-1, throughout fetal development (Hill 8 De Sousa 1990). Both
chick ernbryonic and human fetal costal cartilage released some immunoreactive
IGF-I in vitro, but IGF-II release was not measured (Burch et al. 1986; Hill et al.
1985). Isolated postnatal rabbit arîicular chondrocytes released about five-times
more IGF-II than IGF-I (Froger-Gaillard et al. 1989). Embryonic mouse
chondrocytes released barely detectable levels of IGF-I but significant levels of
IGF-II were detected in conditioned media (Bhaumick 1993).

In vivo studies in human, rat and mouse have found either an absence
or very low levels of IGF-I mRNA in fetal and neonatal cartilage cells (Wang et al.
1995; Han et al. 1987; Nilsson et al. 1990). Other studies report the presence of
IGF-I mRNA in adult rat cartilage cells (Hanna et al. 1995; Lazowski et al. 1994;
Nilsson et al. 1990; lsgaard et al. 1988). supporting the possibility that
upregulation of IGF-I gene expression is associated with postnatal development.

High levels of IGF-II mRNA expression, however, have been
consistently found in cartilage cells throughout prenatal bone development
(Wang et al. 1995; Hill et al. 1993; Streck et al. 1992; Stylianopoulou et al. 1988).
These results suggest that IGF-II is produced locally in the fetal growth plate
whereas IGF-I may be available to the growth plate through the circulation.

1.2.1.5

Insulin-like Growth Factor Binding Proteins
The IGFs are present in the circulation and throughout the extracellular

space almost entirely bound to rnembers of a family of high affinity IGFBPs. Six
lGFBPs have been cloned and sequenced (Shimasaki & Ling 1991). All IGFBPs
contain structural homology, both between species and within different binding
proteins, binci iGF-I and IGF-II specifically and have a negligible affinity for
insulin (Jones & Clemmons 1995, Shimasaki & Ling 1991). Sequence alignment
of the IGFBP farnily members revealed regions of homology within the amino-

and carboxyl- terminal thirds of the proteins and a divergent middle third region
(Shimasaki & Ling 1991). Except for IGFBP-6, there are 18 cysteines whose
exact positions are consenred throughout this gene family. The cysteines
participate in disulfide bridges which contribute to their three-dimensional
structure. The binding site(s) for the lGFs have not yet been delineated. The
IGFBP gene family shares high sequence homology in their arnino- and
carboxyl-terminal thirds suggesting that these regions may be important for IGF
binding (Shimasaki & Ling 1992). The 18 conserved cysteines are contained
within these regions. The integrity of the disulfide bridges is important for IGF-I
binding since reduction of IGFBPs or mutation of the conserved cysteines results
in loss of IGF binding (Brinkman et al. 1991, Coulter et al. 1995).
Association of IGFs with IGFBPs is believed to be important for
transporting proteins in plasma, for regulating the efflux of IGFs from the
vascular space, for prolonging the half-life of IGFs, for providing a means of
tissue- and ceIl type-specific localization and for directly modulating interaction of
the IGFs with their receptors and thereby indirectly controlling biological actions
(Jones & Clemmons 1995). Recent evidence has emerged that the IGFBPs can
have direct effects on cellular functions. IGF-independent actions exist for
IGFBP-1 and 3 and for a fragment of IGFBP-5. Oh et al. (1993) demonstrated
that IGFBP-3 can inhibit the growth of human breast cancer cells independently
of IGF stimulation. Specifically, the addition of recombinant IGFBP-3 bound to
these cells in a dose-dependent manner if calcium and magnesium chloride were
included in the incubation medium, and 20 nM IGFBP-3 dose-dependently (60%)
inhibits cell growth. Since the IGFBP-3-mediated inhibition of cell growth is
cation-dependent and blocked by IGF-I and IGF-II (but not by IGF analogs that
lack the ability to bind to IGFBP-3), the authon suggest that cell surface proteins
mediate the direct inhibitory effects of IGFBP-3. However, the biochemical nature
of these proteins has not been determined, and it is unknown whether they have
the signaling capabilities that would allow the description of a IGFBP-3 receptor.

Andress & Birnbaum (1992), purified a 23-kDa proteolytic cleavage fragment of
IGFBP-5 from cultures of human osteoblast-like cells which had significantly
lowered affinity to the IGFs. They found that this protein enhanced IGF-1 and
IGF-Il-stimulated mitogenesis. This osteoblast-derived IGFBP-5 associated with
the osteoblast surface independently of IGF and interaction with the IGF
receptors. Whether IGFBP-5 fragment binding occurs through a unique receptor
is unknown. Interestingly, the fragment had some rnitogenic activity in the
absence of IGF-I suggesting that it may stimulate growth by an independent
mechanism.

1-2.1.5.1 IGFBPs in Growth Plate
There is considerable variation in the literature regarding the level and
characterization of IGFBPs in bone. Depending on the cell line, different patterns
of IGFBP production are found (Hassager et al. 1992). This variation is largely
due to few studies being able to fully characterize the identity of each IGFBP.
However, of the six known IGFBPs, five are believed to be either produced by
cells in bone or have been located in particular sites within bone.

In rabbit, bovine and ovine cartilage, IGFBPs of 20, 22, 24, 29. 30,33,
34, 39 and 43 kDa have been reported (Sunic et al 1995; Olney et al 1993;
Froger-Gaillard et al 1989). The multiple sizes reported for particular IGFBPs can
be due to different glycosylation forms or products of degradation (Drap et al.
1992). The 33 kDa species is believed to be IGFBP-2, while the 39 and 43 kDa
species are different glycosylation forms of IGFBP-3 (Olney et al 1993). IGFBP-5
corresponds to the 29-30 kDa species (Sunic et al 1995). While in vitro studies
report that these IGFBPs are expressed in cells derived from the growth plate,
barely detectable levels of IGFBP-5 and -6 mRNA have been identified in the
reserve cartilage zone of mice growth plates by in situ hybridization (Wang et al.
1995). Coexpression of IGFBP-2 and -5 mRNA is present in apical ectodermal

ridge of the developing mouse lirnb. which is critical for limb development (Streck
et al. 1992; Green et al. 1994). although IGFBP-5 mRNA was absent from
cartilage (Green et al. 1994). Bone cell cultures abundantly produce IGFBP-3, 4
and -5 while osteoblasts in situ express IGFBP-2, -3, -4, -5 and -6 mRNA (Wang
et al. 1995; Okazaki et al. 1994; Durham et al. 1994; Mohan et al. 1992).

1.2.1.5.2 IGFBPs in fetal Growth
The lGFs are essential for prenatal growth, since they are produced by
many fetal tissues (Lund et al. 1986, Han et al. 1987). are developmentally
regulated and disruption of either the IGF-I or IGF-II genes causes growth
retardation or lethality (DeChiara et al. 1990, Baker et al. 1993). The roles of the
IGFBPs are not clearly defined, although they have been shown to regulate the
half-life of circulating IGFs, to modulate IGF activity (either enhancing or
inhibiting it) and are suggested to affect the distribution and tissue localization of
IGF (Jones & Clemmons 1995). Therefore, since lGFs are important fetal growth
factors and IGFBPs control IGF actions, the IGFBPs themselves are likely to be
important in regulation of fetal growth and developrnent. IGFBPs are expressed
in many fetal tissues throughout gestation and display developmental and tissuespecific regulation of mRNA levels. In the fetus, circulating IGFBP-2 is generally
higher than in the adult. and ils levels decline with increasing gestational age
(Donovan et al. 1989, Lui et al. 1991; Lee et al. 1993) and the majority of
circulating IGF is carried by the small molecular mass IGFBPs or the circulating
type 2 IGF receptor (Butler & Gluckman 1986; Wang & Chard 1992). In addition,
IGFBP-2 is expressed by many fetal tissues and declines postnatally except in
the brain where expression remains at a high level in the adult. In the adult,
IGFBP-3, in the fornl of the circulating 150 kDa high molecular mass cornplex, is
the major carrier of circulating IGF (D'Ercole et al. 1980; Butler & Gluckman

1986; Donovan et al. 1989; Wang & Chard 1992). IGFBP-1 levels are higher in

the fetal circulation than the adult (Donovan et al. 1989). In the human neonate

at terrn, IGFBP-1 and IGFBP-2 are the major binding proteins for IGF-I (Wang &
Chard 1992). In cord serum the concentration of IGFBP-2 is 4 tirnes higher than
in normal adult serum (Clemmons et al. 1991).
IGFs and IGFBPs are not only involved in the regulation of normal
growth and differentiation of the fetus, but also involved in the pathophysiology of
intrauterine growth retardation (IUGR). In the cord blood of IUGR fetuses,
IGFBP-3 levels may be decreased and IGFBP-2 and IGFBP-1 levels may be
increased. There is an inverse correlation between birthweight and the levels of
IGFBP-1 in cord blood. The levels of IGFBP-1 are higher in srnall for gestational
age (SGA) neonates than in those which are average for gestational age (AGA),
suggesting that IGFBP-1 may play a role in the retardation of growth (Wang et al.
1991).
Elevation of IGFBP-1 under abnormal conditions is observed in
experimental rnodels. Animal studies show that maternal fasting leads to an
increase in both maternal and fetal IGFBP-1 levels (Straus et al. 1991). Fetal
hypoxia secondary to reduced uteroplacental bloodflow in sheep (Mclellan et al.
1992) and rats (Unteman et al. 1993) leads to intrauterine growth retardation
associated with decreased IGF-I activity and increased levels of IGFBP-1.
Catecholamines stimulate release of IGFBP-1 in fetal sheep (Hooper et al.
1994). Insulin is also an important regulator of IGFBP-1, an inverse reiationship
between the two exists (Holly et al. 1988). An insulin response element (IRE)
explains at a molecular level the ability of insulin to completely inhibit basal
secretion of IGFBP-1 and partially inhibit glucocorticoid-stimulated secretion
(Unterman et al. 1995).
Mice lacking a functional gene for IGFBP-2 have no developmental
delays or defects (Wood et al. 1993). This result is surprising since IGFBP-2 is
considered the predominant IGFBP during fetal life and has very distinct sites of
expression that correlate with developrnental processes in a number of tissues

(Tseng et al. 1989, Wood et al. 1992, Lee et al. 1993). These results suggest
that members of the IGFBP gene family may functionally cornpensate for each
other during development. Multiple IGFBPs are up-regulated in the mice lacking
either IGFBP-2 or the IGF-II/M-6 receptor (Lau et al. 1994). Such upregulation is
consistent with, but is not essential for, compensation by other IGFBPs for the
absence of IGFBP-2.

1-2.1.5.3 Modulation of GF Action

IGFBPs either inhibit or potentiate IGF actions in a variety of cell types
in vitro including bone cells and cartilage (Conover 1992; Schiltz et al. 1993;
Andress & Birnbaum 1992). Each of the IGFBPs is regulated independently on a
transcriptional, translational and post-translational basis, and in a tissue-specific
rnanner, suggesting that they play active roles in cellular growth. It is important to
define which IGFBPs are present and where, for each IGFBP has unique
characteristics, affinity for IGFs and activities. At the tissue level, factors such as
cell surface association, extracellular matrix association, phosphorylation and
proteolysis modulate IGFBP affinity for IGFs and thereby IGF activity (Jones &
Clemmons 1995) (Figure 1.2).
Proteolysis of IGFBP-3 during pregnancy was the first report of IGFBP
proteolysis (Hossenlopp et al. 1990; Giudice et al. 1990). The proteolysis of
IGFBP-3 appears to change its affinity for IGF peptides, and this process rnay
play a role in the delivery of the active IGF-I and -II to tissues. Since these initial
observations, proteolysis has been observed with IGFBPs 2-5, by calciumdependent serine proteases, specific for each IGFBP. In some cases, i.e.
IGFBP-3 and 5, the proteolytic fragments may retain significant afinity for IGF-I
or -II; whereas with IGFBP-2 and 4, the afinity of their fragments is drastically
reduced. Furthenore, in the case of IGFBP-3 and 5 the fragments may
potentiate IGF actions even when IGF affmity is substantially reduced (Schmid et

Figure 1.2. Proposed mechanisms whereby IGFBPs modulate IGF actions. The

IGFBPs bind IGF and thus prevent binding with the IGF receptor, resulting in
inhibition of IGF action. Other rnechanisms exist in which IGFBPs potentiate IGF
action. IGFBP association with proteins on the cell surface or in the ECM results
in an increase in the local concentration of IGF in the vicinity of the IGF-I
receptor. The affinity for IGF is lowered when IGFBPs are associated with the
cell surface or ECM and when they are proteolysed, thus allowing the release of
IGF to the receptor.
The levels of IGFBPs in the extracellular environment are regulated at the
transcriptional, translational and post-translational level by lGFs and other
growth factors (GF) and circulating hormones (H).

Source: Redrawn from Jones & Clemmons (1995).
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al. 1991; Andress & Birnbaum 1992). The molecular nature of the IGFBP
proteases is being unraveled, and it appears that rnuch of the IGFBP protease
activity is derived from three classes of proteins: kallikreins, cathepsins, and
matrix rnetalloproteinases (MMPs) (Rajah et al. 1995; Fowlkes et al. 1995;
Braulke et al. 1995).
Post-translational modifications (i.e. phosphorylation) or differential
localization of the IGFBPs (Le. on the cell surface or in the ECM) also have
important effects on the ability of IGFBPs to affect IGF actions. Serine
phosphorylation of IGFBP-1, -3, and -5 has been detected and is proven to lower

IGF affhity of IGFBP-1 (Jones et al. 1991, 1992; Mukku & Chu IWO). N-linked
glycosylation occurs in IGFBP-3 and IGFBP4, and O-linked glycosylation is
reported for IGFBP-5 and IGFBP-6. IGFBP-1 and IGFBP-2 contain an Arg-GlyAsp (RGD) sequence at the C-terminal end which rnay be involved in binding to
cell surface receptors (Ruoslathi & Pierschlaber 1987). IGFBP-1 binds
specifically to the abpl-integrin receptor molecule and stimulates migration in
Chinese hamster ovary cells through an RGD-dependent mechanism. IGFBP-3
and IGFBP-5 bind to different unidentified molecules on the cell surface (Jones
et al. 1993). IGFBP-3 and IGFBP-5 also bind to the ECM, specifically to GAGS.
Under basal conditions, it appears that constituitively secreted IGFBP-5 is
degraded if it is secreted into the medium, whereas it remains intact if deposited
into the ECM. The affinity of IGFBP-5 for IGF-I was lowered approximately 7-fold
when associated with ECM and substances in the ECM that contain GAG side
chahs inhibit protease activity. This lowering of IGFBP-5 affinity for IGF, dong
with its protection from proteoiysis, may be important factors in the ability of
ECM-bound IGFBP-5 to potentiate IGF actions (Arai et al. 1994; Jones et al.
1993).
IGF action is also modulated by hormones and growth factors directly
or indirectly via the IGFBPs (Figure 1.2). IGFBP levels in the circulation or the
extracellular environment are regulated by IGFs, other growth factors and

hormones. Hormonal regulation of IGFBP levels is widely reported, cell type and
IGFBP specific. The regulation of IGFBPs released by isolated ovine growth
plate chondrocytes by growth factors and hormones will be the focus of this
thesis.

1.2.2

PEPTIDE GROWH FACTOR AND HORMONE INTERACTIONS

IN G R O W H PLATE REGULATION
Nurnerous in vivo and in vitro studies confirm that IGF-I and IGF-II are
important and necessary factors involved in bone growth and development.
However. it is difficult to determine what are the primary responses and
secondary responses to these factors. As yet, no unifying model of IGF action in
bone has been defined despite the wide range of biological actions reported for
IGF-I and IGF-II in this tissue. IGF-I and IGF-II have similar overall actions. They
induce cell replication, and stimulate the differentiative functions of target cells. It
is thought that many other growth factors act synergistically with them to control
these processes (Trippel et al. 1993; Hill et al. l992b; Hill 8 Logan 1992a: Hill &
De Sousa 1990). The present study examined the effects of bFGF, TGF-BI and
systemic hormones insulin, cortisol and thyroid hormones T, and T, on IGFBP
synthesis in cultures of epiphyseal growth plate chondrocytes from the fetal
sheep. These growth factors and hormones have been extensively studied in the
growth plate of many species and interactions with the IGF axis have been
demonstrated.

1.2.2.1

Insulin
lnsulin has long been recognized as an important anabolic stimulus in

the fetus (Hill 1978). Abnormal insulin secretion in utero has profound physical
consequences for the newborn infant. For exarnple, in transient neonatal
diabetes and in pancreatic agenesis, newborns are reported to be small-for-

dates with poor muscle mass and virtually no adipose tissue (Hill 1978; Schiff et
al. 1972).
In serum-free media. the addition of insulin-like growth factor I (IGF-1)
(Bohme et al. 1992) or high insulin concentration (Quarto et al. 1992) was an
absolute requirement for chick embryo chondrocyte differentiation. In the
experiments by Quarto et al. (1992), insulin could not be substituted by IGF-1; it
remains to

be

investigated whether

this

was

due

to

the

intrinsic

unresponsiveness of chondrocytes to IGF-I or the production by the cells of IGFbinding proteins that compete with the receptor for binding of the IGF ligand. In
growth plate chondrocytes isolated from fetal sheep. insulin, at physiological
concentrations of approximately 2 nmolll or greater, promoted increases in total
protein. collagen, and glycosaminoglycan synthesis (Hill et al. 1992t.1). Hill & De
Sousa (1990) previously found that similar amounts of insulin act directly as a
mitogen for ovine fetal growth-plate chondrocytes. The mitogenic action of insulin
depends on the presence of IGF-II, which is endogenously produced by
chondrocytes (Hill 8 DeSousa 1990). Other studies have also demonstrated that
insulin can stimulate mitotic activity and proteoglycan synthesis (Prins et al.
1982a; Prins et al. 1982b).

In ovine fetal growth-plate chondrocytes. combination experiments
using maximal concentrations of IGF-I (13.3 nM) and increasing amounts of
insulin (0.16 nM -1.67 nM) showed additive effects on DNA synthesis.
suggesting that each hormone was acting through a distinct receptor population
(Hill & De Sousa 1990). Chondrocytes have high affinity receptors for insulin and
IGF-1, with each peptide usually showing some affinity for the other's receptor
(Rechler & Nissley 1985).

1.2.2.2 Glucocorticoids
Among steroid hormones, dexamethasone (Dex), an analogue of
cortisol with different receptor binding kinetics and an absence of binding to
corticosteroid binding globulin, plays a major role in promoting proliferation of
skeletal cell precunors. In mesenchymal cell cultures derived from avian
connective tissue matrices, Dex promotes differentiation of muscle, fat. cartilage,
and bone cells in a tirne- and concentration dependent manner (Young et al.
1993).
Excess glucocorticoid is a potent inhibitor of epiphyseal growth in both
animals and humans (Loeb 1976; Mosier & Jansons 1989). Direct infusion of
dexamethasone into the rabbit epiphyseal growth plate resulted in decreased
proximal tibia1 growth rate by 77% compared with the contralateral vehicletreated tibia (Baron et al. 1992). The detection of high-affinity, specific
glucocorticoid receptors in fetal as well as postnatal cartilaginous tissues (Kan et

al. 1984; Carbone et al. 1990; Blondelon et al. 1980) and the established effects
of glucocorticoids in inhibiting cartilage growth (Silbermann 1983) and in
triggering tissue maturation (Ben-Or 1983) suggest a role for these hormones in
fetal cartilage development. Kan & Cruess (1986) demonstrated that fetal bovine
cartilaginous tissues during development possessed varying cellular levels of
glucorticoid binding and may thus have temporal changes in sensitivity to
glucocorticoid hormones.
In serum-free media, dexamethasone was not necessary for the
progression of chondrogenesis but supported chick embryo chondrocyte viability
and modulated some differentiated functions (Quarto et al. 1992). The effect of

Dex on the expression of type X collagen was particularly interesting. The
synthesis of the protein was in fact inversely proportional to the hormone
concentration; however, Dex did not inhibit but rather delayed the time of
appearance of the collagen. Using rabbit growth plate cartilage cells, Kato &

Gospodarowicz (1985) found that glucocorticoids directly and specifically
stimulate proteoglycan synthesis. A report by Takano et al. (1985) was
consistant with this finding.
Interestingly, interactions between steroid hormones and IGF-I in
chondrocytes have been reported. In confluent cultures of rabbit costal
chondrocytes. dexamethasone suppressed IGF-I induction of DNA synthesis by

60%. This suppression was higher when dexamethasone was added before IGFI (Itagane et al. 1991). Dexamethasone and hydrocortisone, at physiological

concentrations, acted synergistically with IGF-I to increase proteoglycan
synthesis in confluent cultures of rabbit growth cartilage cells (Itagane et al.
1991). Cortisol suppressed IGF-II gene expression in the liver of the late
gestation sheep fetus and in the neonatal rat (Li et al. 1993; Beck et al. 1988a;
Levinovitz & Norstedt 1989).

1.2.2.3

Thyroid Hormones
Thyroid hormones are important for optimal bone growth both in

humans (Rochiccioli 1985) and rats (Thorngren & Hansson 1973). Three
different possible mechanisms for the stimulation of longitudinal bone growth
have been demonstrated. ln vivo, thyroid hormones stimulate GH secretion
(Hetvas et al. 1975; Coiro et al. 1979). Moreover, thyroid hormones increased
IGF-I mRNA in hypophysectomized rats (Wolf et al. 1989) and stimulated IGF-I
production in perfused rat livers (Ikeda et al. 1989), suggesting a role in
increasing the circulating levels of IGF-1. A direct effect of thyroid hormones on
the growth-plate has also been shown. In hypophysectornized rats, thyroid
hormones stimulate longitudinal bone growth (Thorngren 8 Hansson 1973) and
are required for the formation of hypertrophie cells in normal rats (Ray et al.
1954; Lewinson et al. 1989).

T3 and T, both separately induced chondrocyte maturation to the
hypertrophic phenotype characterized by increased type X collagen synthesis
and increased alkaline phosphatase (ALP) activity, and eventually calcification of
the extracellular matrix (Alini et al. 1996; Carrascosa et al. 1992; Burch &
Lebovitz. 1982; Ohlsson et al. 1992~).Specific T,-nuclear binding sites were
demonstrated on cuitured human fetal epiphyseal chondrocytes (Carrascosa et
al. 1992). Interestingly, increasing concentrations of T,

dose-dependently

reduced the thymidine incorporation stimulated by IGF-1. No interaction was
found between T, and GH (Ohlsson et al. 1992~).This may suggest that T,
blocks the epiphyseal cell clonal expansion stimulated by growth factors like IGFI and T3stimulates chondrocyte cell maturation (Nilsson et al. 1994).
Serum-free medium that supports the expression of differentiated
function by chick embryo sternal and growth plate chondrocytes has been
developed. When the serurn is replaced by thyroid hormones, chondrocytes do
not proliferate, but matured into hypertrophic chondrocytes synthesizing type X
collagen and alkaline phosphatase, provided that IGF-I or a high-concentration
of insulin is present (Bohme et al. 1992; Quarto et al. 1992). "Physiological"
concentrations of T, (10'" M) are effective. It should be emphasized that the
cocktail of hormones fails to support cell growth, and that chondrocytes replicate
only in 10% fetal calf serum. Additional factors are therefore necessary during
chondrogenesis to promote cell growth. Alini et al (1996) also demonstrated that
either thyroid hormone is able to induce prehypertrophic bovine growth plate
chondrocytes to fully express the hypertrophic phenotype, but the lack of cell
division with T, or T, implies that for this maturation process to occur in vivo
additional biological factors are required.

1.2.2.4

Fibroblast Growth Factor (FGF)
FGF is a heparin binding peptide that to date exists in nine foms,

although acidic and basic FGF (FGF-1 and FGF-2 respectively) are the best
characterized, with 55% sequence homology behnreen the two (Gimenez-Gallego
1985; Baird 1994). My studies focused on basic FGF (bFGF). The regulation of

the synthesis and secretion of FGF is not well understood, although the
biological effects have been widely characterized. bFGF interacts with two
classes of binding sites on bovine growth plate chondrocytes: high-affinity bFGF
receptor and a low-affinity heparin-like binding site (Trippel et al. 1992). FGFs
are potent mitogens for osteoblasts, chondrocytes and endothelial cells, and
stimulate proliferation of mesenchymal cells in the developing limb that leads to
limb outgrowth (Niswander & Martin 1993).
There is increasing evidence that basic FGF (bFGF) is also important
at later stages of bone growth. bFGF is probably the most potent mitogen for
chondrocytes (Kato et al. 1983; Kato and Gospodarowicz 1984; Hill et al. 1992~).
A large amount of bFGF has been purified from neonatal bovine cartilage

(Sullivan & Klagsburn 1985). When bFGF is added to cultures of pelleted rabbit
or chick chondrocytes at a late stage but before chondrocytes reach
hypertrophy, it prevents chondrocyte terminal differentiation, that is, synthesis of
type X collagen, increases in alkaline phosphatase activity, and subsequent
deposition of calcium minerals in the extracellular matrix (Kato & lwamoto 1990;
Trippel et al. 1993). The number of bFGF receptors in chondrocytes decreases
when the cells becorne hypertrophie (Iwamoto et al. 1991). A recent study by
lwamoto et al. (1995), demonstrated that bFGF prevents both the emergence of
mature type-X collagen-synthesizing chondrocytes and the ensuing enlargement
of cells that occur in control cultures. The authors suggested that bFGF along
with PTH appear to be part of sequentially acting mechanisms to ensure normal
progression of chondrocyte maturation during endochondral ossification.

An in vivo study by Nagai et al. (1995) demonstrated that bFGF
administered intravenously at dosages of 0.1 mgkg per day for 7 days to
growing rats, increased the longitudinal growth rate. metaphyseal bone area,
and endocortical mineral apposition and bone formation rates, indicating the rate
of calcified bone formation. Another study in which bFGF was infused directly
into the rabbit proximal tibia1 growth plate, demonstrated accelerated vascular
invasion and ossification of growth plate cartilage. The authors suggested that
bFGF (or a related member of the

FGF family) couples osteogenesis to

chondrogenesis by attracting vascular and bone cell invasion from the adjacent
metaphyseal bone (Baron et al. 1994).

1.3.5

Transforming Growth Factors (TGFs)
Currently there are more than 20 members of the TGF-P superfamily

(Massague 1990; Hoffmann 1991; Sporn & Roberts 1992). At least three
isoforms of TGF-P have been isolated in mammalian tissues (TGF-pl. 2. 3).
There is considerable sequence identity and shared biological effects between
these isoforms (Burt & Paton, 1992). My thesis focused on TGF-pl. High levels
of TGF-P mRNAs and proteins in the growth plate, epiphysis, and metaphysis of
long bones have been shown by several groups by in situ hybridization
(Sandberg et al. 1988; Hoosein et al. 1988; Gatherer et al. 1990; Pelton et al.
1990; Millan et al. 1991) and by immunocytochemistry (Heine et al. 1987;
Jingushi et al. 1990; Jakowlew et al. 1991; Thorp et al. 1992).
Chondrocyte differentiation results in hypertrophy and mineralization,
and is associated with alterations in the synthesis of extracellular matrix. TGF-P
is first expressed at the transition between a proliferating and a differentiating
phenotype (Thorp et al. 1992). and although its major role is the inducement of a
differentiated phenotype (Seyedin et al. 1987). it decreases alkaline phoshatase
activity (Rosen et al. 1988). A progressive increase in TGF-P synthesis, including

its mRNA and receptors. was correlated with increasing chick chondrocyte
maturation and the onset of vascularization and mineralkation (Carrington et al.
1988). Regulation of TGF-P. like that of many cytokines, occurs not only at the
transcriptional or translational level; but also at the levels of secretion and
storage in a latent f o m that requires activation to become functional.

In vitro studies have shown that TGF-P regulates the synthesis of
collagen by growth plate chondrocytes by increasing the synthesis of type I
relative to type II collagen (Rosen et al. 1988; Sandell et al. 1988) therefore may
control minerakation by regulation of hypertrophic chondrocyte differentiation. In
rabbit chondrocyte pellet culture, TGF-fi also causes a dose-dependent
stimulation of cartilage specific proteoglycan production (Hiraki et al. 1988) and,
when added to the culture at late stage, suppresses the increase in alkaline
phosphatase activity and blocks the conversion of maturing chondrocytes into
calcifying chondrocytes (Kato et al. 1988). Using an in vitro model of rat
epiphyseal three-dimensional pellet cultures, Ballock et al. (1993) demonstrated
that

exogenous TGF-Pl

reversibly prevents terminal

differentiation of

chondrocytes to hypertrophic cells and stabilizes the phenotype of the
prehypertrophic chondrocyte. In the same cells maintained as a subconfluent
monolayer, TGF-Pl inhibited gene expression for cartilage matrix proteins.
demonstrating the importance of microenvironment in determining the action of
growth factors on chondrocytes.

In ovine fetal growth plate monolayer culture, TGF-Pl does not alter
DNA synthetic rate in short-term cultures. However, TGF-pl is able to synergize
with bFGF to increase DNA synthetic rate. TGF-pl has no effect on total protein
synthesis by ovine fetal chondrocytes in monolayer when present alone at
concentrations of 200 pmoVl or less, but was inhibitory at 400 pmolll. However,

50 or 100 pmol TGF-pl stimulated sulphated glycosaminoglycan synthesis and a
relative shift in the ratio of col1agen:non-collagenous protein synthesis in favour

of the former. A synergistic interaction exists between TGF-pl and basic FGF
which potentiates total protein and collagen synthesis, and their actions on
sulphated glycosaminoglycan production are additive.

1.2.2.6

Interactions between bFGF, TGFP and lGFs
Interactive growth factor effects have been demonstrated with a variety

of growth regulators in a number of cell types (Crabb et al. 1990; Humbel 1990;
Massague et al. 1985; O'Keefe et al. 1988; Osborn et al. 1989; Pfeilschifter et al.
1990; Roberts et al. 1981; Trippel et al. 1989; Hill & Logan 1992a; Hill et al.
1992b). bFGF, TGFP and lGFs are al1 produced locally within the growth plates
of several species. These growth factors have effects on chondrocyte DNA and
proteoglycan synthesis and their interactions have been widely stud ied.
Several lines of evidence indicate that IGF-I together with bFGF play
major roles in the regulation of skeletal growth and development (Wroblewski
BEdwall-Arvidsson 1995; Hiraki et al. 1987; Trippel et al. 1993; Leach & Rosselot
1992; Hill & Logan 1992a; Hill et al. 1992b). FGF and IGF-I are the minimum
growth factor requirements for serum-free growth of avian growth plate
chondrocytes (Leach & Rosselot 1992). In rat rib growth plate chondrocytes,
bFGF and IGF-I effects on chondrocytes Vary with age and bFGF can induce
revenible changes in cell morphology and inhibiton of alkaline phosphatase
activity, while IGF-I primarily regulates maintenance of the chondrocyte
phenotype (Hiraki et al. 1987; Trippel et al. 1993). The stimulatory effect of bFGF
on DNA synthesis coincides with a decrease in collagen type II and IGF-II
expression. In contrast, IGF-I alone stimulates expression of these genes. This
further

substantiates

that

bFGF

prevents

chondrocytes

frorn

terminal

differentiation and in the absence of lGFs or serum causes the cells to
dedifferentiate (Wrobiewski & Edwall-Arvidsson 1995).

In short-terni monolayer cultures of chick growth plate chondrocytes,
the effects of transforming growth factor-pl and fibroblast growth factor at both
high and low concentrations are enhanced in a dose-dependent manner by
insulin-like growth factor4 (O'Keefe et al. 1994). In monolayer cultures of ovine
fetal growth plate chondrocytes. bFGF and IGF-1, or bFGF and insulin are
additive in their ability to promote DNA synthesis. The abilities of either insulin or
IGF-I to promote total protein synthesis are additive to that of basic FGF.
Conversely, CO-incubationof IGF-I or insulin with increasing concentrations of
TGF-pl causes a reduction in the ability of the former to increase total protein or
collagen synthesis. TGF-P7 has additive effects with IGF-1 or insulin on
sulphated-glycosaminoglycan formation (Hill et al. 1992b). Conversely, TGF-pl
inhibits the ability of IGF-Ilinsulin to increase DNA synthesis or chondrocyte
replication (Hill & Logan 1992a). However, these combinations of growth factors
are shown by Osborn et al. (1989) to be synergistic when promoting DNA
synthesis or proteoglycan synthesis in bovine articular cartilage explants.
In cultured rat articular chondrocytes, increasing concentrations of
TGF-P (0.1-10 nglml) results in a dose-dependent decrease in medium IGF-I
concentration that is reflected by decreased levels of IGF-I mRNA (Tsukazaki et
al, 1994). Similarly, TGFP-1 inhibits IGF-I release by rabbit articular cartilage. In
this sarne culture system, bFGF stimulates IGF-1 release by chondrocytes and
TGFP-1 blunts the effect of bFGF when both are present concurrently.
These results suggest that at least part of the biological effects of
bFGF and TGFP-1 in the growth plate are mediated via the IGF system.

1.3

RATIONALE AND HYPOTHESIS
Based on previous data as described, the IGF system has an

important role in the growth and differentiation of chondrocytes within the growth
plate in the development of long bones. Specifically, the role of the IGFBPs in

modulating the growth promoting actions of lGFs on chondrocytes has largely
been uncharacterized. The hypothesis of my study was that chondrocyte IGFBPs
are regulated by systemic hormones and growth factors produced locally in the
growth plate by autocrine, paracrine and endocrine mechanisms and that the
IGFBPs modulate the growth promoting actions of lGFs in bone developrnent.

1.4

OBJECTIVES
The synthesis and regulation of IGFBPs would have important effects

in modulating the biologic actions of lGFs on chondrocytes within the growth
plate. In order to determine IGFBP synthesis and regulation in chondrocytes, a
model of fetal epiphyseal chondrogenesis using isolated growth plate
chondrocytes from the ovine fetus, previously characterized by Hill 8 De Sousa
(1990) was chosen. The ovine fetus has a similar pattern of skeletal growth
velocity observed for the human (Lascelles 1959). with similar birth size and
degree of secondary ossification. These cells synthesize and release IGF-II (Hill

8 De Sousa 1990) and respond mitogenically to exogenous IGFs and other local
growth factors expressed in the growth plate (Hill & Logan 1992a; Hill et al.
1992b). The localization and expression of IGFBPs within the intact growth plate
was also characterized, to contrast the IGF components present both in vivo and

in vitro.

The specific objectives were as follows:
1) to determine whether IGFBPs are synthesized and released in ovine fetal
growth plate chondrocytes in culture.

2) to detennine whether IGF-I and IGF-II regulate the synthesis of their own
binding proteins.

3) to determine whether other locally produced growth factors (TGF-pl and

bFGF) and hormones (insulin, thyroid hormones and cortisol) implicated in
fetal musculo-skeletal growth regulate the synthesis of IGFBPs.
4) to determine the role of IGFBPs in modulating IGF-II mitogenic action in vitro.

5) to identify the potential role IGFs play in the ovine growth plate in vivo by
localizing IGF-IV IGF-II and IGFBP protein and deterrnining local IGFBP
production.

CHAPTER 2
MATERIALS AND METHODS

2.1.1

Peptides
Human recombinant IGF-1, human recombinant IGF-II and bFGF were

purchased from Upstate Biotechnology lncorporated (UBI; Lake Placid, NY),
TGF-P (RLD, Minneapolis, MN), insulin, cortisol and T, and T, from Sigma

Chemical Co. (St. Louis, MO). Hurnan recombinant IGFBP-2, 4, -5 and -6 were
purchased from Austral Biologicals (San Ramon, CA). Hurnan recombinant
IGFBP-1 and IGFBP-3 were purchased from UBI. IGFBP-2 isolated from
conditioned culture media of the Madin-Darby bovine kidney (MDBK) cell line
and hurnan recombinant IGFBP-3 produced and purified as described by
McCusker et al. (1991) used to treat isolated chondrocytes in this study were
kindly provided by Dr. D Clernmons, Department of Medicine, University of North
Carolina (Chapel Hill, NC). Human recombinant IGF-I and IGF-II were purchased
from GroPep Pty. Ltd (Adelaide, Australia).

2.1.2

Antibodies

Anti-human IGF-I and IGF-II polyclonal antisera (rabbit) was obtained
from GroPep. All IGFBPs were polyclonal antisera (rabbit) purchased from UBI
(anti-bovine IGFBP-2, anti-recombinant human IGFBP-3, anti-hurnan IGFBP-4
and anti-chinese hamster ovary cell IGFBP-5). Specifications reported by the
Company and other researchers indicate that IGFBP-2 antibody has negligible
cross-reactivity with other IGFBPs (Clemmons et al. 1991, UBI 1995) Similarly,
IGFBP-3 and IGFBP-5 antibodies have minimal cross-reactivity with other

IGFBPs (UBI, 1995). However, the IGFBP-4 antibody has up to 50% cross
reactivity with IGFBP-2 (UBI, 1995; Camacho-Hubner et al. 1992).

2.2

CELL CULTURE

2.2.1

Collection of Ovine Fetal Epiphyseal Cartilage

Ten pregnant sheep of mixed breed with known single insemination
dates were used in this study. Animals were kiiled with sodium pentabarbitone
(Euthanyl, MTC Pharmaceuticals, Mississauga. Canada) on days 112-137 of
gestation (terni 145 days), a iaparotomy was performed, and the fetuses were
delivered. The wool surrounding each knee joint of each fetus was swabbed with
methanol and the tibia and fernur severed with bone clippers approximately 2 cm
distant from the patella. The severed knee joints were placed immediately into
ice-cold Hank's buffered salts solution (HBSS), pH 7.4, (Gibco Ltd., Burlington,
Canada) for transport to a laminar air-flow cabinet for further dissection.

2.2.2

Preparation and Culture of Chondrocytes

Primary fetal sheep chondrocyte cultures were prepared according to
the rnethods of Hill & DeSousa (1990). After the removal of skin and muscle, the
proximal tibia from each fetal leg was trimmed of adherent periosteum and
perichondrium with a scalpel blade, before separation of the epiphyseal growth
plate cartilage from the diaphysis using transverse incisions with a scalpel. In
fetuses greater than approximately 100 days gestation, epiphyseal ossification
was present and growth plate cartilage had to be further separated from the
epiphysis. Growth plate cartilage was sliced into approximately 2 mm fragments
in HBSS before the isolation of chondrocytes by incubation with 0.2% (wtlvnl)
collagenase (Boehringer lngelheim (Canada) Ltd., Dowal, Quebec) in HBSS for
3 h in a shaking water bath at 37OC. During the incubation cartilage fragments

were shaken vigorously by hand every 15 min to encourage dispersal.
Nondigested cartilage debris was allowed to settle by gravity after incubation, the
supernatant removed by glass pipette, and the chondrocytes washed twice with
10 ml HBSS followed by centrifugation at 1000 x g for 10 min at 4OC. lsolated
chondrocytes were plated into 75 cm2plastic culture flasks (Costar Corporation,
Cambridge, MA) in Dulbecco's modified Eagle's medium (DMEM, Gibco-BRL,
Burlington, Ontario, Canada) supplemented with 10% (vlv) fetal bovine serum
(FBS, GIBCOIBRL), penicillin (100 pU1ml;G IBCOIBRL), streptomycin (100

pg1ml;GIBCOIBRL) and fungizone (2.5pglml;GIBCOlBRL), and allowed to grow
to confluency over 2-3 days . Cultures were maintained at 37 OC in a humidified
incubator of 5% CO2 -95% air. Cnondrocytes were passaged with trypsin-EDTA
(GIBCOIBRL) three times before use in experiments between passages 3 and 6.
Cultures were visually monitored to ensure adherence of chondrocytes with
flattened morphology to the culture flasks. Cultures with evidence of rounded or
free-floating cells were discarded.
We have previously shown a continued production of type-Il collagen,
indicating a chondrocytic phenotype, over this period (Hill & DeSousa, 1990).

The presence of type II collagen in monolayer cultures of chondrocytes was
examined at passage 6 by immunocytochemistry to determine whether a
chondrocytic phenotype had been retained in vitro. Goat anti-type II collagen
antisera (kindly provided by Dr M. Ferguson, Department of Cell and Structural
Biology, University of Manchester, Manchester. England) diluted 1A00 with 0.01

M PBS, pH 7.4, was incubated with fixed cells (methods described in section

2.3.1)for 18 h at 4 OC in a humidified chamber.

2.3

IMMUNOCYTOCHEMICAL LOCALIZATION OF IGF-1, IGF-Il AND
IGFBPs

2.3.1

ln vitro
Chondrocytes were cultured to 50% confiuency in 8-well Lab Tek

chamber slides (NUNC, VWR Scientific, London, ON) and maintained in 25 mM

DMEM and 10% (voVvol) FBS. Medium was aspirated and the cells were
washed with Dulbecco's phosphate buffered saline (PBS; GIBCOIBRL) before
fixation with 2% (w/v) paraformaldehyde and 2% (vlv) gluteraldehyde for 30 min
at RT. Fixative was washed away with PBS. Following removal of the chamber
superstructure, fixed cells were dehydrated by exposure of the glass slides to an
ascending ethanol series (50, 70, 90 and 100%) and air-dried.

2.3.2

In vivo
Growth plates were fixed in 2% (w/v) paraforrnaldehyde and 2% (v/v)

gluteraldehyde in phosphate-buffered saline (PBS;7.4) at 4OC for 24h. Following
two rinses in PBS, each of 24h and decalcification in buffered EDTA (10% EDTA
pH 7.4, 3 weeks, solution changed weekly), tissues were dehydrated and

embedded in paraffin. Tissue sections (5 pm) were prepared using a rotary
microtome. Sections were heat-stretched in 60°C water bath to remove wrinkles
prior to mounting. Sections were fioated on Fisher Superfrost Plus glass slides
(Fisher Scientific, Toronto, ON). The slides were air dried and then baked at

55°C for 4 days and stored at room temperature with desiccant until use for
immunohistochemistry.

2.3.3

Immunocytochernistry

Immunocytochernistry was

performed

using

the

avidin-biotin-

peroxidase method of Hsu et al. (1981). Tissue sections were deparaffinized by
passing the slides through three changes of xylene for 10 minutes each.
Rehydration was through a descending ethanol series (100, 100, 90, 90 and
70%) for 2 minutes each. A well to hold the incubation buffer was formed by
applying a ring of wax around each section using a purpose-designed wax pen
(DAKO Corporation, Dimension Laboratories Inc., Canada). Slides were
immersed in PBS for 3 minutes and then incubated in 1% (vlv) hydrogen
peroxide in PBS for 15 min to elirninate endogenous peroxidase activity. Nonspecific binding was blocked by incubation in 5% (wlv) bovine serum albumin
(BSA; Sigma Chemical Co.) in PBS. Each section was incubated with blocking
agent for 30 minutes in a humidified chamber equilibrated with water. Blocking
agent was removed by rinsing the slides in PBS for 5 minutes. Primary antibody
(50 - 100 pl) was applied to each section at the appropriate concentration. Slides
were incubated with a 1:2000 dilution of anti-IGF-l antibody, 1:200 dilution of
anti-IGF-Il, IGFBP-3, IGFBP-4, IGFBP-5 or 1:300 dilution of anti-IGFBP-2
antibody, each diluted in PBS containing 1% (wfv) BSA, and 0.02% (wlv) sodium
azide pH 7.5 (100 pl per slide for 24 h at 4°C in a humidified chamber. Sections
were incubated for 2 days with primary antibody at 4OC in a humidified chamber
equilibrated with water. Following incubation. slides were washed with PBS
buffer and incubated with biotinylated goat anti-rabbit imrnunoglobulin (1 :30
dilution;100 pI;Sigma Chemical Co., St. Louis, MO) for 2 h at roorn temperature
(RT). Secondary was diluted from stock in 1%wlv BSA, 0.02% wlv sodium azide

in PBS. Following a further wash with PBS for 10 minutes, the sections were
covered with 100 pl of avidin-biotin peroxidase complex (Extravidin peroxidase;
Sigma Chemical Co.) diluted 1:30 in 1% wlv BSA, 0.02% wlv sodium azide in

PBS and incubated for a further 2 h at RT. Slides were rinsed for I O minutes in
PBS. The antibody-bound peroxidase was visualized by the addition of 10 mg (1

tablet ;Sigma) of 3.3' diaminobenzidine tetrahydrochloride (Sigma Chemical Co.)
in 15 ml of Tris-HCI buffer (0.05 M, pH 7.6) containing 0.02% (vlv) of 30%
hydrogen peroxide for between 2 to 5 minutes until the brown immunostain
developed. The reaction was quenched by washing in excess 50 mM Tris buffer
and cells were lightly counterstained with Caraui's haematoxylin for 2 minutes,
dehydrated in an ascending ethanol series and xylene, and mounted under glass
coverslips with EukittB(Ruth Wagener Enterprises Inc, Newmarket, ON). Tissues
and chondrocytes were examined by light microscopy.
Several criteria were used to assess the specificity of staining for
IGFBPs and IGF peptides. lrnmunostaining was abolished when a) non-immune
rabbit serum was substituted for the primary antiserurn; b) the biotinylated
secondary antiserum was omitted; and c) the primary antiserum was preincubated overnight at 4OC with an excess of homologous ligand.

2.4.1

Preparation of [3SS]cRNAProbes
Radiolabeled anti-sense and sense IGFBPs 2-6 cRNAs were

transcribed using a Riboprobe Gemini II core system (Promega Corp., Madison,
WI) and [35S]UTP(ICN, Irvine, CA). The same CONASused in Northern analysis
were subcloned into pGem-3Z (Promega) and used for the generation of
radiolabeled RNAs. pGEMZ plasmids containing cDNA templates were each
linearized with appropriate restriction enzymes adjacent to the cDNA template,
resulting in either an SP6, T3 or T7 promoter upstream and a cut end
downstream of the template. Agarose gel electrophoresis was carried out to
check if the DNA had been completely linearized. RNA probes of approximately
150 bases were generated by alkaline digestion in 0.2 M carbonate buffer, pH
10.2.

At room temperature, the following (in order) were added to two
Eppendorf tubes and rnixed: 4.0 pl 5 X transcription buffer; 2.0 pl 100 mM 1, 4dithiothreitol; 1.3 pl 2.5 mM CTP; 1.3 pl 2.5 mM GTP; 1.3 pl 2.5 mM ATP; 0.8 pl
ribonuclease inhibitor (25 UIpI); 50 pCi (5 pl) uridine 5'-(a-[35S]thio)triphosphate
and diethyl pyrocarbonate-treated Milli-Q water, to a final volume of 21 pl. To

one tube was added 1.O pg linearized template DNA (restricted to generate the
T7 promoter upstream from template DNA) and 0.5 pl T7 RNA polyrnerase (19
UIpI). To the other tube was added 1.O pg linearized plasmid DNA ) restricted to

generate the T3 or SP6 promoter upstream from ternplate DNA) and 0.5 pl SP6
or T3 polyrnerase (15 UIpI). The transcription mixture was incubated for 60
minutes at 37OC. Labelling efkiency was tested by trichloroacetic acid
precipitation. Typical incorporations ranged from 70-95%.
The DNA template was removed from the transcription mixture by
treatment with ribonuclease-free deoxyribonuclease I to prevent template
annealing to the probe andlor the target during hybridization. Ribonuclease-free
deoxyribonuclease (1 UlpI) was added to the transcription mixture and incubated
at 37°C for 20 minutes. The RNA probe was ethanol precipitated to remove

unincorporated nucleotides and resuspended in 21 pl 10 mM 1,Cdithiotreitol.
RNA probes of approximately 150 bases were generated by alkaline digestion in
0.2 M carbonate buffer, pH 10.2. A 1 pl sample of probe was rernoved to
rneasure radioactivity in a liquid scintillation counter. Typical activities ranged
from 0.4-1.0X I O 6 cpmlpl.

2.4.2

Section Pre-treatment

Fixed tissues were de-waxed and permeabilized with 0.2% (vlv) Triton
X-100 in Dulbecco's PBS (pH 7.6) for 30 min at RT prior to digestion with 10
pglml proteinase K in 0.1 M Tris containing 50 mM EDTA (pH 8.0) at 37°C for 30
minutes. Sections were rinsed twice in PBS, each for 2 minutes, followed by

incubation with 0.1 M triethanolamine buffer (Sigma) and 250 pl acetic anhydride
(pH 8.0) for 10 min at RT, washed in PBS, dehydrated in an ascending ethanol
series (70%, 90%. and 100%), and air dried.

2.4.3

Hybridization and Post-hybridization Washes
The slides were prehybridized in hybridization buffer [50% formamide.

0.3 M NaCI, 20 mM Tris (pH 8.0). 1 rnM EDTA, IxDenhardt's solution. 500 pg/ml
yeast transfer RNA. 100pg1ml denatured salrnon sperm DNA, 10% dextran
sulfate, 0.1 % SDS, and 100 rnM dithiothreitol] at 42OC for 2 h. Hybridization was
perforrned with specific riboprobes ( l x 1O6cpm/slide) overnight at 50°C. The
slides were then incubated with fresh hybridization buffer for 10 min at 65OC.
followed by treatment with 20pgfml of RNAse-A (Pharmacia Biotech) for 30 min
at 37°C to digest unhybridized probes. The slides were washed sequentially in
2x SSC at RT (30min, twice), 2 x

SSC at 42OC (30 min. four times), and in 0.1 x

SSC at RT (15 min, twice). Slides were dehydrated in an ascending ethanol
series, air dried.

2.4.4

Autoradiography
After drying. sections were exposed in an X-ray cassette at room

temperature to X-ray film which provided a rapid method for determining tissue
background and strength of hybridization signal. This allowed the determination
of exposure time to emulsion for each in situ experiment. The X-ray films were
developed in an automatic film processor.
The slides were coated with NTB-3 nuclear track emulsion (Kodak
Laboratories) and exposed for up 5-6 weeks (based on results obtained from 24
h exposure to X-ray film) at 4OC. Slides were developed in D l 9 (Kodak

Laboratories) for 1 min, fixed in Kodafix for l0min. counterstained with Harris'

hematoxylin (Fisher Scientific) and eosin (Fisher Scientific), dehydrated and
glass coverslips were placed on the slides with Eukittm (Ruth Wagener Ent.,
Newmarket, ON) and examined by bright field microscopy.
The specificity of in situ hybridization was demonstrated by the
absence of hybridization signal in tissues incubated with radiolabeled sense RNA
probes or those pretreated with RNAse-A before incubation with respective
radiolabeled antisense RNA probes.

2.5

NORTHERN BLOT HYBRlDlZATlON

2.5.1

Preparation of Total RNA

Total RNAs were extracted from chondrocyte monolayers by
homogenization in 4 M guanidine isothiocyanate and then centrifugation through
a 5.7 M cesium chloride buffer as previously described (Chirgwin et al., 1979).
The conditioned media was removed and processed as described above, the
cells were rinsed with ice-cold PBS, and 4 mls of guanidine thiocyanate solution
(4 M guanidine thiocyanate, 25 mM sodium citrate, 17 mM N-lauroyl sarcosine
0.7% p-mercaptoethanol. pH 7.0.) was added. The cells were collected using a
ceii scraper and transferred to a 50 ml Falcon tube. The cells were homogenized

with a polytron' (mode1 PT3000, Brinkman. Westbury. NY) at 18 000 rpm for 1
min, and subsequently centrifuged in a tabletop centrifuge (Sorvall' RT6000B,

DUPONT Inc., Wilmington, Delaware) at 900 x g for 10 min at room temperature.
The supernatant was gently layered upon a 1.5 ml cushion of cesium chloride
(CsCI) solution (5.7M CsCI, 0.1 M EDTA pH 7.4) and centrifuged at 1.56 x 1Osx g
for 16 h at 18OC. The DNA ring was carefully removed, then the rernaining
supernatant was removed, the inside of the tubes were wiped, and the pellet was
dissolved in 100 pl of diethyl pyrocarbonate (DEPC) treated H,O.

An equal

volume of 1:4 butanol:chloroform was added, the solution was vortexed

vigorously. spun for 5 min at 2000 x g, and the upper aqueous layer was
removed and transferred to a fresh eppendorf tube. The extraction was repeated
with an additional 100 pl of DEPC treated H,O.

The RNA was precipitated

overnight at -20°C with the addition of 500 pl volume of ice cold 100% ethanol
and 8 pl 5 N NaCI.
RNA was pelleted at 13, 500 x g for 30 min at 4OC, the supernatant
was removed. the pellet was rinsed with ice cold 70% ethanol, spun for 10 min.
and the supernatant removed. The pellet was air dried and redissolved in 50 pl
of

DEPC treated H,O. The concentration was detennined by absorbance at 260

nm by spectrophotometry (Model DU@-64, Beckman Instruments Inc.). Total
RNA samples were checked for integrity on a 1% agarose gel and degraded
samples were discarded.

2.5.2

Preparation of Northern Blots
Northern blotting was performed as described by Sambrook et al.

1989. Total RNA (20pgflane). or 3 pg of RNA ladder (0.24-9.5 kb range.
GIBCOIBRL) were denatured in l x Northern buffer (20x stock solution;

lx

Northern buffer (0.2 M 3-[N-Morpholino]-propane sulphonic acid (MOPS), 5 mM

NaHzP04, 0.5 mM EDTA;pH 7.0) containing 17.5% freshly deionized
formaldehyde and 50% formamide for 15 min at 65°C and were electrophoresed
through a 1% (w/v) agarose/2.2 M formaldehyde gel. The RNA was then blotted
in 10x SSC (1-5M NaCI. 0.15 M sodium citrate) ont0 a Zetaprobe' GT nylon
membrane (Biorad, Richmond, CA) using the capillary transfer technique
(Southern 1975). Following transfer, the RNA ladder was cut from the membrane
and stained in 0.2% methylene blue (Sigma Chernical Co.) for 30 sec, destained
in water, and the RNA bands were marked for future reference. The membrane
was washed in 10x SSC (20x stock solution; Appendix ) for 10 min x 2. then UV

cross-linked (StratalinkeP. Stratagene Inc., LaJolla, CA), and baked in a vacuum
oven (Napco @Mode15831, Napco Scientific Co., Tualatin, OR) for 1 h at 75OC.

2.5.3

Preparation of

P]cDNA Probes

All IGFBP cDNAs were generously provided by Dr. V. Han, Lawson
Research lnstitute

(London,

ON). The

ovine

IGFBP-1 and

IGFBP-2

complernentary DNAs (cDNA) were isolated and characterized as described
previously (Delhanty & Han 1992; Phillips et al. 1991). Ovine IGFBP-5 and
IGFBP-6 cDNAs were isolated and characterized as described previously (Ito et
al. 1995; Ito et al. 1996). Ovine IGFBP-3 was isolated and characterized by J.
Hayatsu, Lawson Research lnstitute (London, ON). Human IGFBP-4 cDNA was
kindly provided by Dr. S. Shimasaki, Whittier Institute (La Jolla, CA). DNA
templates were excised from their plasrnids with appropriate restriction enzymes
and size-fractionated on a 1% w/v agarose gel. Ethidium bromide was included

in the DNA sample and fluorescence of ethidium bromide complexed to DNA
was visualized by ultraviolet illumination. The appropriate DNA band was excised
from agarose. Template DNA was heated to 65OC for 5 minutes to melt agarose
and the QlAEX II gel extraction kit was used to purify DNA following
manufacturer's instructions (Qiagen Inc., Chatsworth, CA).
The cDNA inserts were labeled to specific activities of 1-2 x 1O9 cprnfpg

by the random priming technique using an oligo-labeling kit (Pharmacia Biotech
Inc., Baie d'llrfe, Quebec). 100 ng of cDNA insert was denatured by boiling for 5
min, immediately quenched on ice for 2 min, and incubated for 1 h at 37OC with
C T ~ Ci/ mrnol; ICN, St. Laurent,
reagent mix, 5 pCi of [ ~ ~ ~ P l d e o x y -(3000

Quebec, Canada), and 1 pl of the Klenow fragment of DNA polymerase I.
Unincorporated [ C X - ~ ~ P I ~ C
was
T P removed by running the reaction sample
through ProbeQuantTMG-50MicroColurnns (Pharmacia Biotech Inc). A l p l aliquot

was placed in 3 ml of ScintiSafeN Econol (Fisher Scientific, Nepean, Ont.) and
counted in a p-counter (mode1 LS 5000TD; Beckman Instruments).

2.5.4

Hybridization and Washing
The blots were prehybridized in Zetaprobe hybridization buffer

containing 7% SDS, 50% fonamide, 0.1 mglml denatured salmon sperrn DNA,

5x SSPE (0.75 M NaCl. 44 mM Na2HP0,2H,0,

5 mM EDTA) for at least 2 h at

42°C in a rotating hybridization incubator (Tek'Star,

BIOfCAN Scientific,

Mississauga, Ont.). After prehybridization, the buffer was replaced with a new
Zetaprobe buffer containing the 32P-labelledIGFBP cDNA probes at a specific
activity of 2 x 1O6 cpmlml hybridization buffer at 4Z°C overnight. The probes were
denatured by boiling for 5 min before addition to the Zetaprobe buffer.
Following hybridization overnight at 42OC, the blots were washed once
for 30 min in l x SSC and 0.1% sodium dodecyl sulfate (SDS) at room
temperature, the blots were washed twice for 30 min in 0 . 1 SSC
~
and 0.1 % SDS
at 42°C and once for 15 minutes in 0 . 1 SSC/O.l%
~
SDS at 55°C.

2.5.5

Autoradiography
The blots were air dried and exposed to X-Omat AR film (Eastman

Kodak, Rochester, NY) for between 4 hours and 7 days at -70°C in an X-ray

cassette containing intensifying screens. The X-ray film was developed in an
automatic film processor. After exposure to film the blots were stripped by
SSC and 0.5% SDS for 30 min each at 80°C. These blots
washing twice in 0.01~
were used for subsequent hybridizations.

2.5.6

rRNA Control

Consistency in loading and transfer of total RNAs in each lane was
checked by probing the blots with a radiolabelled cDNA for 18s ribosomal RNA
(rRNA;a gift from Dr. D. Denhardt, Rutgers University, Piscataway, NJ). The
relative densities of the bands were quantified by densitometry (ImageQuant).
The relative densities of the bands were expressed as arbitrary absorbance

units. To correct for minor differences in loading of total RNA in Northern blots, a
ratio of the relative density of each specific band with the relative density of the

18s ribosomal RNA band was calculated before comparisons were made.

2.6

REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION
(RT-PCR)

2.6.1

RNA Isolation
Total RNA was extracted from intact growth plate according to a

modification of Chomczynski & Sacchi (1987). Proximal tibia was removed from
fetal sheep as described in the culture section. After the removal of skin and
muscle, the proximal tibia from each fetal leg was trimmed of adherent
periosteum and perichondrium with a scalpel blade. before separation of the
epiphyseal growth plate cartilage from the diaphysis using transverse incisions
with a scalpel. In fetuses greater than approximately 100 days gestation,
epiphyseal ossification was present and growth plate cartilage had to be further
separated from the epiphysis. Growth plate cartilage was sliced

into

approximately 2 mm fragments within HBSS on ice. The fragments were
homogenized with a Polytron homogenizer (Ultra-turrax T25, Janke & Kunkel

IRAQ 4abortechnik) in Irnl of GlTC (same as that used for extraction of RNA
from chondrocytes in section 2.5.1) in a 4-ml polypropylene tube. Sequentially,
0.1 ml of 2 M sodium acetate. pH 4, 1 ml buffer saturated phenol and 1 ml of

Sevags chloroform (24:1 chlorofom-isoamyl alcohol mixture) were added to the
homogenate, with rnixing by inversion after the addition cf each reagent. The
final suspension was shaken vigorously for 10 sec and cooled on ice for 15 min.
Samples were centrifuged at 10,000g in high speed centrifuge (Sorvall' RC-SB)
for 20 min at 4OC. After centrifugation, RNA was present in the aqueous phase
whereas DNA and proteins were present in the interphase and phenol phase.

The aqueous phase was transferred to a fresh tube containing 1 ml of Sevags
chloroform. This was mixed well and was centrifuged as above. The aqueous
was transferred into 2 1.5 ml Eppendorf tubes (0.5ml each) , mixed with 0.5 ml
per tube of isopropanol, and then placed at -20°C overnight to precipitate RNA.
The RNA was sedirnented in an Eppendorf centrifuge at 14 OOOg for 10 min, the
supernatant decanted and the pellet washed with 0.1 ml of 70% ethanol. This
step was repeated, the pellet was air dried for 10 min and RNA was
resuspended in 145 pl of sterile water for DNA digestion.

RNA was extracted frorn primaiy cultures of chondrocytes and
chondrocytes up to passage 3, according to a protocol supplied with InViSorbN
RNA Kit II (ID Labs Biotechnology, London, ON, Canada). The kit is based on a

new procedure (patent pending) which allows the isolation of genomic DNA free
total cellular RNA. The genomic DNA is bound to Adsorbin-material after cell
lysis and the resulting supernatant is free of genomic DNA. The procedure is
based on the dual action of chaotropic compounds. The medium was removed
from the chondrocyte cultures and they were washed twice with PBS. Two flasks
of cells (small) were scraped, sedimented in a 15 ml Falcon centrifuge tube and
lysed with the addition of 2 ml Lysis Solution (2 ml Lysis Solution per > I O 8 cells)
and after incubation at room temperature for 15 minutes. 40 pl of Adsorbin was
added to the lysis suspension and thoroughly vortexed and placed on ice for 5
minutes. The mixture was centrifuged at 5000 rpm in a bench centrifuge
(Sorvall@RT6000B) at 4°C for 3 minutes to sediment Adsorbin pellet, then the
supernatant was transferred into a fresh 15 ml Falcon tube. Sequentially, 2 ml

Tris-buffer phenol (GIBCOIBRL), 0.4 ml chloroform:isoamyl alcohol (24:l)and

0.2 ml Buffer A were added, mixed vigorously for 10 sec and the tube was
placed on ice for 5 min. Samples were centrifuged at 5000 rpm for 10 minutes at
4°C. The upper aqueous phase was transferred into a fresh 15 ml Falcon tube

and an equal volume of isopropanol was added. mixed gently and incubated
overnight at -20°C to precipitate the RNA. The RNA was sedimented by
centrifugation at 5000 rprn at 4OC for 10 min. the supernatant was then discarded
without disturbing the RNA-pellet. 1 ml of ice-cold 70% ethanol was added and
the pellet was transferred with a pipette together with the ethanol supernatant
into a fresh 1.5 ml Eppendorf tube ensuring that the RNA pellet is transferred
cornpletely. The RNA was spun for 5 minutes at 14 000 g in an Eppendorf
centrifuge and the ethanol was discarded. This wash step was repeated twice
more and the pellet was allowed to air dry until the residual ethanol had
disappeared. The RNA pellet was dissolve in 145 pl of sterile water for DNA
digestion.
Genomic DNA was degraded by incubating the sarnples with 10 units
of RQI DNase (Promega. Biotec) for 1 h at 37OC.The sarnples were re-extracted
with phenol and re-precipitated by adding 20 pl of 3M potassium acetate, pH 5.2
and three volumes of cold 100% ethanol overnight at -20°C.The total RNA was
collected by centrifugation, the pellets were washed with cold 70% ethanol and
following air drying the samples were dissolved in 10 pl of autoclaved Milli-Q
water. The growth plate total RNA was then used for reverse transcription. RNA
was quantified employing spectophotometry and aliquots of total RNA from
growth plate or chondrocyte primary were used for reverse transcription.

2.6.2

Reverse Transcription
RNA was reverse-transcribed (RT) by oligo (dT) priming and MMLV

reverse transcriptase (Gibco BRL, Burlington, ON, Canada) (Harvey et al. 1995;

Watson et al. 1992; Watson et al. 1994). The RNA samples were incubated with
1 pg of Oligo (dT)12-18 primer (Gibco, BRL) for 10 minutes at 70°C. After cooling

on ice, RNA was incubated in Vt Strand Buffer (GIBCO- BRL) containing 50 mM
Tris-HCI (pH 8.3). 75 mM KCI, 3 mM MgC12, 10 mM D l T , 0.5 mM dNTPs and

200 Units of Superscript Reverse Transcriptase (GIBCOIBRL). Reverse
transcriptions (RT) were incubated at 43OC for 1.5 h. The reaction was
terminated by heating at 94°C for 4 min and flash cooling on ice. The cDNA was
further diluted with sterile 145 pl of distilled water.

2.6.3

Amplification of Binding Protein cDNAs
Polyrnerase chain reaction (PCR) was performed as described

previously (Harvey et al. 1995; Watson et al. 1992; Watson et al. 1994). Aliquots

of intact growth plate and chondrocyte culture cDNA (5 pl) were amplified with 1
U of Taq DNA Polyrnerase (GIBCOI BRL) in a final volume of 50 pl containing 10

X Taq reaction buffer (200 mM Tris-HCI, pH 8.4 and 500 mM KCI), plus 1.5-2
mM MgCI,, 0.2-0.24 mM dNTPs and 2 pM of each sequence-specific primer. The

mixture was overlaid with mineral oil and then amplified by PCR for up to 40
cycles in a DNA thermal cycler (Perkin Elmer Cetus 480; or Thermolyne,
Amplitron; VWR Scientific) with each cycle consisting of denaturation at 94OC for
1 min, re-annealing of primers to target sequences at 55OC-58OC for 30 sec, and

primer extension at 7Z°C for 1 min. PCR products (20 pl) were resolved on 2%

aga rose gels containing 0.5 mg/ml of ethidium bromide.

2.6.4

PCR Primers
Primer pairs were obtained from the Core Molecular Biology Facility,

London Regional Cancer Centre, The University Of Western Ontario. The
possibility of genomic DNA contamination was assayed for by ?CR using p-actin
primers that bracket an intron and produce a predicted 243 bp fragment for the

cDNA and a larger DNA fragment (due to the presence of the intron) if genomic
DNA is present (Harvey et al. 1995; Watson et al. 1992; Watson et al. 1994). The

larger genomic DNA product was not detected in any of the cDNA samples
employed in this study. Primer pairs were derived from published human, and
bovine cDNA sequences (Hahnel & Schultz 1994; Spratt et al. 1991; Shimasaki
et al. 1991; Bourner et al. 1992) and the sizes of the expected PCR products are
shown in Table 1. To confirm identity, each DNA product was sequenced by
GenAlyTic (Guelph, Ont.). The DNA products were run on a 2% agarose (w/v)
gel containing 0.5

pglml ethidiurn bromide,

alongside

rnass markers

(GIBCOIBRL) that allowed estimation of the product's concentration. The
resulting bands were cut with a scalpel, after minimal UV exposure and purified
using the QlAEX II gel extraction kit (Qiagen Inc., Chatsworth, CA) according to
manufacturer's instructions.

2.7

DETECTION OF IGFBPs BY WESTERN LIGAND BLOT ANALYSIS

2.7.1

Collection of Conditioned Media
Chondrocytes were plated into 6-well culture dishes (Costar; surface

area 9 cm per well) with 2 ml DMEM-10% FBS (vh) for 2-3 days until 80%
confluent. Chondrocytes were than incubated in serum free medium (SFM) for
24h. The medium was removed and replaced with fresh SFM without (control) or
with various doses of peptides (IGF-1, IGF-II. insulin, TGFB, bFGF, cortisol and T,
and T,).
Conditioned

media

was

collected

from

6-weIls/condition

of

chondrocyte monolayers following treatment for the specified time interval (6-24

h), centrifuged at 1000 x g on a tabletop centrifuge to remove cellular debris, and
the supernatant was stored at -20°Cuntil analyzed. Cells from the same cultures
were used for total RNA extraction.

2.7.2

Determination of Total Protein Concentration
The conditioned media from 6-wells was pooled and concentrated by

centrifuga1 ultrafiltration using a membrane with a mol. wt. cutoff of 10 kDa
(Centricon-10, Amicon, Danvers, MA) and total protein concentrations of the
conditioned media were deterrnined by Micro-Lowry's Protein assay (Lowry et al.
1951; Peterson 1983). BSA was diluted in ddH20 to concentrations ranging
between 10 -100 pglml. Conditioned media was diluted 4 fold in distilled water.
Reagent C (2 ml; 1:1 mixture of Reagent A [0.8% Na,CO,,

0.1% NaOH] and B

[0.5glL CuS0,-5H20, 1 glL NaK Tartrate] and 20 pl of 0.1 M SDS was added to
duplicate 200 pl aliquots of protein standard or sample, votexed, and allowed to
sit for 15 minutes. Reagent D (200 pl ;1:1 dilution of Folin and Ciocalteau's
Phenol Reagent; Sigma Chemicals) was added to the samples, vortexed, and
allowed to sit for 30 minutes. The absorbance at 730 nm was deterrnined by
spectrophotometry (Model DUQ 640, Beckman Instruments Inc.). A protein
analysis application supplied with the spectrophotometer plotted the absorbance
versus concentration of the protein standards and the concentrations of the
samples were interpolated from the standard curve.

2.7.3

Ligand Blot Analysis
Ligand blot analysis was perfomed by a modification of the method by

Hossenlopp et al. (1986). Recombinant human IGF-I and IGF-II (Bachem Co.
Torrance, CA) were iodinated to minimum specific activities of 100 pCilpg of
protein using a chloramine-T method (Hill IWO). Concentrated conditioned
medium (100 pl; equal proteinllane) was denatured in 5x gel loading buffer(0.2 %
glycerol, 62.5 mM Tris-HCI pH 6.8, 2% w/v SDS, 0.001% wlv bromophenol blue)

without a reducing agent, boiled for 5 min and were subjected to electrophoresis
using a non-reducing 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel
(Laemmli 1970). After separation, proteins were transferred ont0 nitrocellulose

membrane (0.2 Pm; Bio-Rad, Mississauga, Ont) using an electrophoretic blotting
apparatus (TransBlot Cell, Bio-Rad Laboratories Ltd.) for 2 h, at 4OC, with a
constant current of 250 milliamps in prechilled transfer buffer (25 mM Tris and
192 mM glycine; 20% methanol, v/v). The membranes were washed for 30 min

at 4°C in Tris-saline buffer (150 mM NaCl and 10 mM Tris-HCI, pH 7.4)
containing 0.5 mglmL sodium azide (Sigma Chemical Co.) and 3% (v/v) nonidet
P-40 (Sigma Chemical Co.) before blocking for 2 h in Tris-NaCI (pH 7.4), 1%

BSA (Sigma) at 4°C. The membrane was washed Nice for 20 min in Tris-NaCI

(pH 7.4) containing 0.1 % (vh) Tween-20 (Sigma Chemical Co.) and was
incubated overnight with 400,000 cpm ['251]IGF-ll,(for ligand control 100 nglml
unlabelled IGF-II was added to incubating solution) in Tris-NaCI (pH 7.4), 0.1 %
(vlv) Tween-20. and 1% BSA at 4OC. Following the incubation, the membrane
was taken through a series of 15 min washes, two in Tris-NaCI (pH 7.4) + 0.05%

Tween-PO, followed by 3 washes in Tris-NaCI (pH 7.4). The membrane was air
dried at room temperature and exposed to X-ray film (XAR, Eastman, Kodak,

Rochester, NY) with intensifying screens at -70°C for 3-7 days.

2.7.4

Western lmmunoblot Analysis

Western immunoblots were prepared on the same membranes
described above. Membranes were initially washed for 30 min in 10 mM Tris-

HCL containing 0.15 M NaCI, 0.3% NP-40 (vlv) and 0.5 mg/rnl sodium azide (pH
7.4). The membrane was then blocked for 1 h in Tris-buffered saline (TTBS;150

mM NaCI, 50 mM Tris-HCL, pH 7.4) containing 0.05% Tween 20 (vlv)
supplemented with 4% BSA (wlv) and was washed 3 X 10 min in TTBS.
Membranes were incubated overnight at 4% in TTBS containing 1% BSA (wh)
with one of the following antibodies: anti IGFBP-2 (rabbit polyclonal antiserum
against bovine IGFBP-2, (dil. 1:1000, Upstate Biotechnology Inc, UBI, Lake
Placid, NY), anti IGFBP4 (rabbit polyclonal antiserum against human IGFBP-4 ,
dil. 1:250,UBI) and anti IGFBP-5 (rabbit polyclonal antiserum against human

IGFBP-5, dil. 1:100,Austral Biologicals, San Ramon, California). Following
incubation with primary antiserum the membranes were washed with TTBS (3 X
10 min), and then incubated with secondary antibody, biotinylated goat anti-

rabbit IgG (Sigma Chernical Co., dil. 1:30) in 1% BSA (Wv) l T B S for 1 h at RT.
Following washing in TTBS for 3 X 10 min, the membranes were incubated in
ExtrAvidin -peroxidase (1:30 dilution; Sigma Chemical Co.) in 1% BSA (wlv) in

l T B S for 1 h at RT. The membranes were washed in TTBS 3 X I O min and then
developed with 10 mg of the chromagen 3-3' diaminobenzidine tetrahydrochoride
(DAB; Sigma Chemical Co.) in 0.05 M Tris pH 7.6 and the subsequent addition

of 10 pl volumes of 3% H,O,

(vlv) until immunoreactive species had reached

their maximal staining intensity. The reaction was then quenched in 50 mM TrisHCI (pH 7.6) and the membranes were air dried.

2.8

DNA SYNTHESlS

2.8.1

[3

Hlthymidine Incorporation

Chondrocytes were plated into 6-well culture dishes (Costar; surface
area 9 cm per well) with 2 ml DMEM-10% FBS (vlv) for 2-3 days until 80%
confluent. Chondrocytes were than incubated in serum free medium (SFM) for
24h. The medium was removed and replaced with fresh serurn-free 8.3 mM
glucose DMEM (113 25mM DMEM, 2/3 glucose-free DMEM) with or without IGF-

11 (5 nM) and human recombinant IGFBP-2, IGFBP-3, IGFBP-4 or IGFBP-5 .
After 20 h of culture 1 pCi [3H] thymidine (ICN) was added to each well in 20 pl
medium and the incubation continued for a further 4 h. Cells were washed with
Dulbecco's PBS, pH 7.4 (Sigma Chemicals), to remove unincorporated isotope,
and the DNA and protein were preciptated with 1 ml 10% wlv ice-cold

trichloroacetic acid (TCA; Sigma Chernicals) for 15 minutes and solubilized by
overnight incubation at 37°C with 0.1

N sodium hydroxide (500 pl per well).

Isotope incorporation was rneasured by liquid scintillation counting and
expressed as disintegrations per minlpg cell DNA.

2.8.2

Determination of DNA Concentration
The DNA content of each culture well was measured by Ruorirnetry,

using Hoechst fluorochrome 33258 (Sigma Chemicals) as described previously
(Hill & DeSousa 1990) with some modifications. Solubilized cell DNA in 0.1 M
sodium hydroxide (0.2ml) was neutralized with an equivalent volume of 0.2 N
HC1 . 0.526 M EDTA (50 pl) and Fluorochrorne (150 pl; 11500 dilution of 1 mglml

in dH,O) was added and tubes incubated for 15 minutes at room temperature.

Samples (200 pl) were transferred to 96-well black round-bottom plates
(Dynatech MicroFLUORN. Dynatech Laboratories Inc., Chantilly VA; VWR) for
fluorometric estimation with an excitation wavelength of 375 nm and an emission
wavelength of 458 nm using a Fluorolite 1000 fluorimeter (Dynatech Laboratories
Inc.;WVR). Calf thymus DNA (Sigma Chernicals; 0.20

- 25

pg/rnl) was used for

the standard cuwe. Biolinkm 2.20 assay management software (Dynatech
Laboratories lnc.) was used to construct the standard curve and interpolate the
DNA concentration of the samples from the standard curve.

CHAPTER 3

HORMONAL REGULATION AND BlOLOGlCAL ACTIONS

OF INSULIN-LIKE GROWTH FACTOR BlNDlNG
PROTEINS IN ISOLATED OVINE FETAL
CHONDROCYTES

Chondrocytes secrete insulin-like growth factors (IGF) -1 and -II as well
as at least four known IGF binding proteins (IGFBP), IGFBPs -2, -3, -4 and -5.
lGFs are among the most important local regulators of cartilage ceIl function
because of their abundance in cartilage as well as their stimulatory actions on
multiple aspects of cartilage growth. The diverse growth-promoting effects of the
lGFs appear to be directed by a family of distinct IGF-binding proteins,
designated IGFBP-1 through -6 (Shimasaki & Ling 1991). This family of proteins
bind IGF with higher affmity than its receptor and therefore potently regulate the
bioavailability of the IGFs. The different IGFBPs restrict IGF tissue availability,
dictate IGF transport to cells. and modulate IGF binding to membrane receptors
(Baxter & Martin 1989; Rosenfeld et al. 1990; Clemmons et al. 1990; Binoux et
al. 1991). Therefore, their relative presence (or absence) c m determine IGF
biological cornpetence at the cellular level. The synthesis and activity of lGFs are
regulated by systemic hormones, by other skeletal growth factors, and by
IGFBPs as discussed in Chapter 1. Although the synthesis of IGFBPs is
ubiquitous, each binding protein is subjected to differential tissue-specific
expression and developmental and hormonal regulation (Clemmons 1991). This
suggests that each IGFBP may play a specific role in the regulation of IGFmediated cell growth and metabolism in defined tissues. Numerous studies
predict that both short and long term biological actions of lGFs in many

tissue/cell systems may be modulated by alterations in the levels of IGFBPs in
the extracellular milieu (McCusker & Clemmons 1992). Therefore, the regdation
of the synthesis of IGFBPs would play an important role in modulating the
biologic actions of IGFs on growth plate chondrocytes and would potentially have
important consequences on the growth and differentiation of developing bone.
Whereas the exact function of IGFBPs in cartilage is not known, at least one
IGFBP has been shown to inhibit IGF-mediated growth of cartilage (Schiltz et al.
1993; Burch et al. 1990). Therefore. studies to define agents that regulate the

synthesis and activity of IGFBPs in chondrocyte cells are critical to Our
understanding of their role in growth plate physiology.
Investigations from this and other laboratories have revealed that
locally produced growth factors and systemically available hormones interact
with the IGFs in cartilage cells (Hill & De Sousa 1990; Hill & Logan 1992a; Hill et

al. 1992b). We postulated that growth factors with potent mitogenic activity not
only interact with IGFs but may have analogous effects on IGFBP expression.
We hypothesized that chondrocyte IGFBPs, one component of the IGF systern,

are regulated by hormones available frorn the circulation and growth factors
produced locally in the growth plate including IGFs.

3.2

OBJECTIVE
The primary objective of this study was to determine whether the IGFs,

insulin, bFGF, TGFp, cortisol and thyroid homones regulate the expression of
chondrocyte IGFBPs. We also investigated the effects of IGFBP-2. -3, -4 and -5
on IGF-II mitogenic activity in isolated chondrocytes.

3.3

METHODS

3.3.1

Detection of IGFBPs in Cultured Monolayer Chondrocytes
Chondrocytes (passages 3-6) were cultured in 8-well Lab-tek chamber

slides and subjected to immunocytochemistry using the avidin-biotin cornplex
method, as described in Chapter 2.The primary polyclonal antibodies used were
rabbit anti-human IGFBP-3, -4 and -5 (UBI) and rabbit anti-bovine IGFBP-2;
these were used at final concentrations of 1:200, anti-IGFBP-2 was used at
1:300. The specificity of staining was verified by preincubating the primary
antibody for 24 h at 4 OC with 5 pg IGFBP-2 to -5 in a siliconized polypropylene
tube before incubation on the slide. In addition, slides were processed without
the addition of the primary antibody present, to control for the possibility of the
secondary antibody alone producing a signal.

3.3.2

IGFBP Release
Cultures were growth-restricted for 48 h in serurn-free medium prior to

incubation with peptides. Conditioned media were collected from confluent
cultures in 6-well plates following 24 h incubation with either IGF-I (10, 100, 200
nglml), IGF-II (10, 100, 200 nglml), insulin (0.1, 1.O, 10 pglml), bFGF (0, 5, 10,
20 nglml), TGFP (0, 2.5, 5 nglml), cortisol (0, O+ ethanol vehicle, 1, 5 FM) and T,

and T, (0J2.5, 25, 50 nglml). The concentration of the IGFs, insulin, bFGF and
TGFp were in the dose range that was observed to modulate thymidine
incorporation in chondrocytes (Hill & Logan 1992a; Hill et al. 1992b). The lower
doses of IGFs and insulin reflect the physiologic concentrations that exist in
tissue fluids, and the higher doses reflect pharmacological concentrations
required to stimulate biologie response. Conditioned media (5 mls) was
concentrated 20 times using microconcentrators containing low adsorption,
hydrophilic membrane with mol wt exclusion of 10,000 (Amicon, Beverly, MA).

Protein analysis, as described in Chapter 2 (section 2.7.2) was perfoned on the
concentrated medium (after volumes were equalized) and an equal amount of
protein was loaded into the gel. Ligand blot analysis was perforrned as described
in Chapter 2 (section 2.7.3)using ['ZSI]IGF-Iand [1251]IGF-llas a radiolabel. The
length of exposure of the ligand blot to X-ray film was between 3-7 days
depending on the IGFBPs of interest. Longer exposures were required for
visualization of IGFBP-3. lrnmunoblot analysis was perfomed as described in
Chapter 2 section 2.7.4 using specific antisera for IGFBP-2, -3, -4 and -5.

3.3.3

IGFBP Stable mRNA Analysis
Confluent cells in 6-well plates were used for extraction of total RNA

and subjected to Northern blot analysis as described in Methods section. Four 6well plates were used for each treatment: with or without 200 nglml of IGF-I or
IGF-11110pg/rnl insulin, 5 nglml TGFP and 5 pM cortisol. Changes in IGFBP
stable mRNA levels were quantified by laser densitometry (Molecular Dynamics;
Image Quant, Sunnyvale, CA) of the autoradiograms of northern blots. The
relative densities of the bands were expressed as arbitary absorbance units (au).

3.3.4

Calculations and Statistical Analysis
The percent change in values from treated cultures vs. those from

control cultures for each IGFBP band or transcript was calculated prior to
statistical analysis in order to reduce the variability introduced by differences in
protein or mRNA transfer to the nitrocellulose, in differences in [1251]1GF-IIand
[='Pl activity and film exposure tirnes. The control (untreated) and treated
conditioned medium samples were run on the same gel for each separate
experiment. Data from at least three experirnents and up to six experiments were
used for statistical analysis. Each experiment ernployed conditioned medium

collected from chondrocyte monolayer cultures established from growth plates of
different late gestation fetal sheep.
Statistically significant changes in IGFBP protein were detemined
using One-way Anova and the Tukey-Kramer test for multiple comparisons.
Logarithmic transfomations were performed on the data prior to analysis and
resulted in homogeneity of variance between populations (Levene's test for
Homogeneity of Variance). A statistically significant difference in IGFBP protein
signal between control and treatrnent cultures was achieved when pc0.05
(Tukey-Kramer test).

To correct for minor differences in loading of total RNA, a ratio of the
relative density of each specific band with the relative density of the 18s
ribosomal bands was calculated before comparisons were made. Statistically
significant changes in mRNA levels were determined using the t-test for Equality
of Means for independent samples. Logarithmic transformations were performed
on the data prior to analysis. A statistically significant difference in IGFBP RNA

signal between control and treatrnent groups was achieved when ~ ~ 0 . (two05
tailed). SPSS version 7.0 (1995) for Windows was used to perform statistical
analysis.

3.3.5

Action of IGFBP-2, 3 , -4 and -5 in lsolated Fetal Sheep
Chondrocytes

Fetal sheep chondrocytes were isolated as described in Chapter 2
section 2.2, and grown in 6-well plates. lsolated chondrocytes were incubated for

24 h in serurn-free DMEM and then incubated with or without IGF-II (3.1 or 5 nM)
and with or without IGFBP-2 (0.04 to 8 nM), IGFBP-3 (0.04 to 8 nM ), lGFBP4
(0.1, 1, 5, 10 nM) and IGFBP-5 (0.1, 1, 5 and 10 nM) for 24 h. [3H]thyrnidinewas
added to each well for the last 4 hours of incubation at 1 pCiIml. Hill & Logan
(1992a) determined that the length of the G, phase of the cell cycle of ovine fetal

growth plate chondrocytes which had been synchronized in vitro, to be
approximately 20 h. This was determined from a sharp peak of [3H]thymidine
incorporation seen after 20 and 22 h of incubation, indicating the entry of the
majority of cells into S phase of the cell cycle. Cells were washed with PBS. pH

7.4. DNA and protein precipitated with 1 ml ice-cold

TCA (10% wlv) and

solubilized by overnight incubation at 37°C with 1 M NaOH (500 pllwell). Isotope
incorporation was measured by liquid scintillation counting and expressed as
disintegrations per minlpg cell DNA. DNA content per well was rneasured by
fiuorimetry, using Hoechst fluorochrome 33258 as described in Chapter 2.

3.3.5.1

Statistical Analysis
The percent change in values from cultures treated with IGF-II and

IGFBP vs. cultures with IGF-II treatrnent alone for each dose examined was
calculated prior to statistical analysis in order to reduce the variability between
each experiment. Each experiment was repeated four times. Four replicate
incubations were included for each experimental variable within each separate
experiment. Statistically significant changes (4 pooled experiments) were
determined using One-way Anova and the Tukey-Kramer test for multiple
comparisons. Logarithmic transformations were perfomed on the data prior to
anaiysis.

A representative graph for each IGFBP examined is shown in order to
demonstrate actual numerical values obtained for the experiments. Differences
between mean values for each dose examined, within individual experiments.
were analyzed as above. Results are expressed as mean valueskSEM for
replicate incubations within a single, representative experiment. A table for
results obtained in three additional experiments was included for IGFBP4 and
IGFBP-5 to demonstrate the variability obtained at the lower doses examined.

3.4

RESULTS

3.4.1

Localkation of IGFBP lmmunoreactivity
Chondrocyte monolayers were grown to 60 % confluence on chamber

slides before fixation and the visua!ization of IGFBPs by immunocytochemistry
(Figure 3.1). Chondrocyte monolayers were immunopositive for IGFBP-2, -3, -4
and -5. AI1 cells demonstrated perinuclear staining with al1 of the IGFBPs.
Controls. both preabsorbed antiserum (Figure 3.1 ) and secondary antiserum
alone, demonstrate the specificity of the antibody localization by lack of
immunostaining.

3.4.2

Detection of IGFBPs in Fetal Ovine Chondrocyte Cultures

To identiw IGFBPs produced by sheep growth plate chondrocytes and
assess IGF-mediated changes, cells were treated for 24 h with either IGF-I or
IGF-II and the CM were subjected to WLB analysis (Figures 3.2, lanes 1; Figure
3.4). In cells incubated with serum-free media, the predominant bands were the
34 kDa and the 24 kDa bands using either ['251]IGF-Ior ['251]IGF-llas ligands

(Figures 3.2, lane 1; Figure 3.3, lanes 1 & 5). Longer exposure of the gel
revealed a faint 43-39 kDa doublet and 29-32 kDa triplet and faint bands at 2628 and 22-23 kDa. The IGFBPs exhibited greater affinity for ['251]IGF-ll, as

demonstrated by more intense IGFBP bands when the two radiolabeled lGFs
were used under equivalent conditions (Figure 3.3). Bands at 26-29 kDa and 2223 kDa were only visible when the ligand blot was performed with ['251]IGF-llas a

radioligand. Subsequent ligand blots were, therefore, performed with [1251]1GF-II
as a radioligand. In order to characterize the IGFBPs, CM was concentrated and
subjected to Western immunoblot analysis with antisera against bovine IGFBP-2,
human IGFBP-3, -4 and -5 (Figure 3.2, lanes 2-5). The identities of the binding
proteins were also indicated from the relative molecular sizes. The 34 kDa and

Figure 3.1. lmmunocytochemical analysis of the presence of IGFBPs 2-5 protein
in

monolayer

cultures

of

ovine

fetal

growth

plate

chondrocytes.

lmmunocytochemistry was performed using primary antiserum against IGFBP-2,
IGFBP-3, IGFBP-4 and IGFBP-5. All cells incubated with the IGFBP antiseras
demonstrated cytoplasmic staining. Preincubation of the primary antiserum with
5 pg of IGFBP-5 peptide before application to cells, completely abolished the
immunodetection of IGFBP-5 (control). Similar results were obtained for IGFBPs
2-4 (data not shown). The scale bar represents 100 pm.

Figure 3.2. Western ligand blot and immunoblot analysis of 24 h conditioned

media collected from chondrocyte rnonolayer cultures. Concentrated samples

were subjected to SDS-polyacrylamide gel electrophoresis, transferred to
nitrocellulose and incubated with ['ZSI]IGF-II radioligand. A representative
autoradiograph reveals bands with IGF-Il binding aftinity at molecular weights 24
kDa, 28 kDa, a triplet at 29-31 kDa, 34 kDa and a doublet at 46-53 kDa in
monolayer cultures (lane 1). Western immunoblot analysis employing polyclonal
antisera against: IGFBP-2 (lane 2), IGFBP-3 (lane 3) and IGFBP-4 (lane 4)
confirms the identity of the 34 kDa, 46 kDa and 24 kDa bands (arrows)

respectively; identified by ligand blot analysis. Lane 5 contains concentrated
conditioned medium (CM) after treatment with 200 ngfml of IGF-II. Western
immunoblot analysis employing polyclonal antisera against hurnan IGFBP-5
resulted in a band at 29 kDa. This band was not visible using CM from control
cultures. Molecular weight (MW) markers are shown to the left.

Figure 3.3. Cornparison of IGFBP detection patterns produced by Western
ligand blot analysis of conditioned medium (CM) from chondrocyte cultures
treated with IGF-IIl employing either [1251]1GF-Ior ['ZSI]IGF-I
1. Conditioned media
were collected from chondrocyte cultures treated with IGF-II for 24 h, subjected
to SDS-polyactylamide gel electrophoresis, transfened to

nitrocellulose,

incubated with

followed

[1251]IGF-I or

[1251]IGF-ll radioligand

and

by

autoradiography for 3 days at -70°C.Autoradiographs of representative ligand
blots ernploying [1251]IGF-~
or [1z51]IGF-IIshowing lane 13: serurn-free medium
control: IGF-II treatment (10, 100, 200 nglml), lanes 2 4 , 6-8. Western ligand blot
as a radioligand reveals bands with IGF binding
analysis employing [1251]~GF-I

affinity at molecular weights 24 kDa, a triplet at 29-31 kDa and 34 kDa in
chondrocyte monolayers (lanes 1-4). The banding patterns produced by ['Z51]IGFII (lanes 5-8) were similar to those produced with [1251]IGF-Iwith the exception of
bands visualized at 28 kDa and 22 kDa indicated with arrows. only present when

[1251]IGF-l
l was employed as a radioligand.

and 24 kDa IGFBP bands were shown irnmunologically to be IGFBP-2 (Figure
3.2. lane 2) and IGFBP4 (Figure 3.2, lane 4) respectively. IGFBP-4. a 24 kDa

band. rnay be N-linked glycosylated and migrates as a 29-28 kDa IGFBP.
Therefore the 28 kDa band is possibly glycosylated IGFBP-4. The doublet at 4339 kDa is most likely IGFBP-3 based on its size and the fact that IGFBP-3 is also

N-linked glycosylated and therefore consists of two bands. The 39 kDa band was
shown immunologically to be IGFBP-3 (Figure 3.2, lane 3). The antisera against
human IGFBP-5 did not immunoreact with any bands in the control CM, but a 29
kDa band could be visualized using CM collected after 200 nglml IGF-II

treatment (Figure 3.2, lane 5). IGFBP-5 is O-linked glycosylated and this rnay
explain the additional bands between 30-32 kDa. The 26-28 kDa band and 22-23
kDa band that appears exclusively with IGF-II radiolabel is possibly IGFBP-6
based on electrophoretic migration and its very low affinity to IGF-1. IGFBP-6 is
O-linked glycosylated and this rnay explain the two possible IGFBP-6 bands. The
22-23 kDa band rnay also be a proteolytic fragment of IGFBP-5 which has been
shown to have reduced affinity for IGF-I (Camacho-Hubner et al. 1992).
In summary, isolated ovine growth plate chondrocytes released
IGFBP-2, IGFBP-3, IGFBP4 and IGFBP-5 into the surrounding medium. IGFBP3 gave the weakest autoradiographic signal intensity, and was not clearly visible
in every experiment. The 26-28 kDa and 23 kDa species were only visible when
IGF-II was used as a radioligand, suggesting that they rnay be IGFBP-6. The 30-

32 kDa bands rnay be glycosylated IGFBP-5 although the IGFBP-5 antiserum
did not imrnunoreact with these bands.

3.4.3

IGF-l and IGF-II lncrease Chondrocyte IGFBPs

The addition of 10, 100 or 200 nglml IGF-I or IGF-II resulted in a dosedepenaent increase in the 43-39 kDa doublet IGFBP-3. the 34 kDa band IGFBP-

2 and the 32-29 kDa triplet IGFBP-5 (Figure 3.3 laneç 2 4 & 6-8; Figure 3.4 lanes

Figure 3.4. Western ligand blot analysis of conditioned media (CM) from

confluent chondrocyte monolayers treated with IGF-I and IGF-II. Conditioned
media were collected from chondrocytes treated with IGF-I or IGF-II for 24 h.
subjected to SDS-PAGE. transferred to nitrocellulose, incubated with ["' I] IGF-II
and followed by autoradiography for 3 days at -70°C. These are autoradiographs
of representative Western ligand blots showing: serum-free medium (SFM)
control (lanes 1,5). IGF-I treatment (lanes 2 4 ; 10, 100, 200 nglml), and IGF-II
treatment (lanes 6-8;10, 100, 200 nglml). IGFBP-3 is difficult to visualize at this
exposure. Molecular weight (MW) is indicated on the left and IGFBPs are
indicated on the right with arrows.

2-4 & 6-8).Measuring IGF binding capacity of a conditioned medium sarnple by
Western ligand blotting is a technique that only permits estimation of the IGFBPs
released by the cells. Scanning laser densitometry was used to quantify the
IGFBP bands seen on the Western ligand blot. The results are expressed as a
percentage of the control (unstirnulated) conditioned medium sample that was
run on the same gel. Densitometric analysis dernonstrated a significant increase
in IGFBP-3, IGFBP-2 and IGFBP-5 signal intensities at 100 nglrnl and 200 ng/ml
IGF-I (100 nglml. Pe0.05;200 ngl ml, PcO.OOI)(Figure 3.5). IGF-II at the same
concentrations significantly increased IGFBP-3 (P<O.OO5), IGFBP-2 (Pe0.05)
and IGFBP-5 (P<0.001) signal intensities. IGFBP4 signal was not statistically
different than control following exposure to IGFs. The densitometric analysis
includes six separate experiments, each ernploying conditioned media collected

from chondrocyte monolayer cultures established from growth plates of different
fetal sheep. IGFBP-5 was increased over 8-fold by both IGF-I and IGF-II at 100
and 200 nglml. IGFBP-3 signal was increased 4-fold at 100 ngiml of IGF-I and
IGF-II, and over 6-fold at 200 nglml. IGFBP-2 signal appeared to be increased

by IGF-I and IGF-II. IGF treatment at 100 and 200 nglml resulted in a broad
band frorn 29-34 kDa consisting of IGFBP-2 and IGFBP-5. Therefore, it was
dificult to determine whether IGF treatment resulted in an increase in both
IGFBP-2 and IGFBP-5. Western immunoblot analysis using a specific antisera
for

IGFBP-2was perfonned on conditioned medium collected from chondrocyte

monolayers treated with various doses of IGF-I to determine if IGFBP-2 protein

was indeed increased as a result of IGF treatment (Figure 3.6). The intensity of
the 34 kDa band, shown immunologically to be IGFBP-2, did not increase with
IGF-1 treatment indicating that the increase in the 34-29 kDa band is most likely
due to an increase in IGFBP-5. Minor bands at approximately 22-28 kDa and 1516 kDa were also visible in the IGFBP-2 imrnunoblot.

Figure 3.5. The densitornetric analysis (six separate experiments) of changes in

IGFBP-2, IGFBP-3, IGFBP4 and IGFBP-5 levels in the CM from chondrocyte
cultures treated with either IGF-1 or IGF-II and expressed as mean+SEM of
percent change from control (untreated cultures). Closed bars represent IGF-I
treatment and open bars represent IGF-II treatment. *P<0.05, **P<0.005,

++Pc0.001 (One-way Anova

and the Tukey-Krarner test for

multiple

comparisons). Each symbol indicates a statistically significant change from
control cultures (incubated without IGF-1 or IGF-II).

Figure 3.6. Western imrnunoblot analysis of 24 h conditioned media collected
frorn chondrocyte monolayer cultures treated with IGF-1. Concentrated samples
were subjected to SDS-PAGE, transferred to nitrocellulose and incubated with
rabbit polyclonal antiserum against bovine IGFBP-2.These is a representative
immunoblot showing: serum-free medium (SFM) control (iane 1) and IGF-I
treatment (6.25, 12.5, 25, 50, 100 and 200 nglrnl). Molecular weight (MW) is
indicated on the left and IGFBP-2 immunoreactivity is indicated on the right with
arrows.

3.4.4 lnsulin lncreases Chondrocyte IGFBPs
The addition of 0.1, 1 and 10 pglml insulin resulted in a dosedependent increase in IGFBP-4 and IGFBP-3 (Figure 3.7). Densitometric
analysis of four separate experiments demonstrated a significant 2-fold increase
in levels of IGFBP4 at higher concentrations of 1 (pe0.05) and 10 pg/ml insulin
(pcO.OOJ)(Figure 3.8).Insulin. at 1 and 10 pglml. resulted in a 3-fold increase in
IGFBP-3 signal ( ~ ~ 0 . 0 (Figure
5)
3.8). No significant differences were observed in
IGFBP-2 and IGFBP-5 signal between control and insulin treated cultures.

3.4.5

Effect of IGFs on IGFBP Stable mRNA Levels
Northem blot analysis was performed on mRNA extracted from

chondrocyte monolayers treated with or without 200 nglml of IGF-1 and IGF-II in
order to identify IGFBPs that are synthesized by chondrocyte monolayers and to
determine whether the increase in synthesis of IGFBP-3, IGFBP-2 and IGFBP-5
were due to an increase in stable mRNA levels. Figures 3.9 & 3.10 are
representative Northern blots of chondrocyte total RNA probed sequentially with
radiolabeled IGFBP-1, -2, -3, 4, -5, and -6. Hybridization of the sarne
membranes with a radiolabeled 18s rRNA cDNA demonstrated equivalence in
the loading and transfer of RNA among the different lanes. Hybridization with

IGFBP-3 cDNA resulted in a transcript of 2.7 kb as reported previously
(Shimasaki & Ling 1991). Treatment with either IGF-I or IGF-II increased steady
state levels of IGFBP-3 mRNA corresponding to their effect on IGFBP-3 signal
intensity in the ligand blots (nurnber of experiments (n) =5, IGF-Il Pe0.05; IGF-II,
Pc0.05). Densitometric analysis of 4 separate experiments showed that IGF-I
and IGF-II stimulated IGFBP-3 mRNA 3-fold (Figure 3.1 1). Hybridization with
IGFBP-2 and IGFBP-5 cDNA resulted in transcripts of 1.5 kb and 6.011.8 kb
respectively as reported previously (Delhanty & Han 1992; Phillips et al. 1994;
Backeljauw et al. 1993; Ito et al. 1996). The predominant IGFBP-5 transcript was

Figure 3.7. Western ligand blot analysis of conditioned media (CM) from

confluent chondrocyte monolayers treated with insulin. Conditioned media were
collected f r ~ mchondrocytes treated with insulin for 24 hl subjected to SOS-

PAGE, transferred to nitrocellulose, incubated with ['251]IGF-lland followed by
autoradiography for 7 days at -70°C. This is an autoradiograph of a
representative ligand blot showing: SFM control (lane l ) , and insulin treatment
(lanes 2-4;0.1,1 and 10 pglml). This Western ligand blot was overexposed in
order to demonstrate changes in IGFBP-3. Molecular weight (MW) is indicated
on the left and IGFBPs are indicated on the right with arrows.
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Figure 3.8. The densitometric analysis (four separate experiments) of changes

in IGFBP-2. IGFBP-3, IGFBP4 and IGFBP-5 levels in the CM from chondrocyte
cultures treated with insulin and expressed as meankSEM of percent change

from control (untreated cultures). *P<0.05. **P<0.005 (One-way Anova and
Tukey-Kramer test for multiple cornparisons) indicates a statistically significant
change from cultures incubated without insulin treatment.
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Figure 3.9. Northern blot analysis of total RNA from chondrocyte cultures treated
with IGF-I or IGF-II and probed sequentially with rZP]ovine IGFBP-2, IGFBP-3

and 18s nbosomal cDNAs. Total RNA was extracted from the same cultures
from which CM was collected for IGFBP analysis. This is a representative
Northern blot of total RNA from cultures treated for 24 h with serurn-free medium
(O), IGF-I (200 nglml) and IGF-II (200 nglml). Northern analysis with IGFBP-1 is

not shown in this figure since transcripts were not detected in chondrocyte
rnonolayers.

Figure 3.10. Northern blot analysis of total RNA from chondrocyte cultures
treated with IGF-I and IGF-II and probed sequentially with [= P] human IGFBP-4,
ovine IGFBP-5 and IGFBP-6 and 18s ribosornal cDNAs. Total RNA was
extracted from the same cultures from which CM was collected for IGFBP
analysis. This is a representative Northern blot of tata1 RNA from cultures treated
for 24 h with serum-free medium (O), IGF-I (200 nglrnl) and IGF-II (200nglml).

Figure 3.11. Densitornetric analysis (at least three up to five experirnents for
each IGFBP) of changes in IGFBP stable mRNA levels after treatrnent with IGF-I
or IGF-II. Values are expressed as mean+SEM of percent change from control
(cultures without treatment, 0). 'Pe0.05 (2-tailed; independent samples t-test for

Equality of Means) indicates a statistically significant change from control.
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6.0 kb, although in accordance with observations in other cell systerns, smaller

transcripts were also detected (Phillips et al. 1994; Backeljauw et al. 1993; Ito et
al. 1996). Ito et al. 1996 reported a band at 1.7 kb in addition to the major band
at 6.0 kb, visible in some fetal and adult ovine tissues using the same ovine
IGFBP-5 probe utilized in this study. We also observed this smaller transcript.

The steady state levels of IGFBP-5 mRNA were not consistently detected in al1
cultures exarnined. Despite increases in IGFBP-5 protein levels after IGF-I and
IGF-II treatment, stable mRNA levels were unaffected (n=5 for IGFBP-5). Since
the IGFBP-2 immunoreactivity was shown to be unaltered after IGF treatment by
immunoblot analysis, no change in IGFBP-2 stable mRNA levels (n=3 for IGFBP-

2) supports this argument. Hybridization with IGFBP-4 and IGFBP-6 cDNA
resulted in transcripts of 2.311.7 and 1.3 kb respectively as reported previously
(Shimasaki & Ling 1991; Ito et al. 1995). IGF treatment did not alter IGFBP-4
and IGFBP-6 stable mRNA levels. IGFBP-1 transcripts did not result from
hybridization with IGFBP-1 cDNA.

3.4.6

Tirne Course of IGF-II Induction of IGFBP-3 and IGFBP-5 mRNA
To determine if exposure to IGF-II induced an increase in IGFBP-5

and IGFBP-3 stable mRNA prior to changes in protein release, chondrocyte
cultures in 6-well plates were serum starved for 24 h and subsequently treated
with IGF-II (200 nglml). Cultures were stopped at time points of 3, 6, 10, 12, 20
and 24 h. Total RNA was extracted from cells treated with or without 200 nglml
IGF-II (four plates per condition) and subjected to Northern blot analysis.
Changes in IGFBP mRNA levels were expressed as a percentage of the
untreated cultures at each tirne point (Figure 3.1 2).
IGFBP-3 stable mRNA levels increased 2-fold at 3 h and 24 h of IGF-II
treatment (200 nglml). Neither culture time in serum-free medium nor treatment

Figure 3.12. The tirne course of IGF-Il-induced expression of IGFBP-3 mRNA
and IGFBP-5 mRNA. Chondrocyte cultures were treated with 200 ng/ml of IGF-II,
and total RNA was isolated at various time points (3, 6,12, 20 and 24 h). Total
RNA was analyzed by Northern blotting and changes in mRNA were quantified

by densitometry and expressed as the percent change from control (cells
maintained in SFM at each of the time points examined).
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of cells with IGF-II had any apparent effect on IGFBP-5 mRNA abundance in this

experirnent. IGFBP-5 stable mRNA levels were lower than control levels
throughout the time-course. Thus, the marked increase in medium IGFBP-5
levels stimulated by addition of IGF-II at 24 h did not reflect changes in IGFBP-5

mRNA expression throughout the time-course examined.

3.4.7

Effect of lnsulin on IGFBP Stable mRNA Levels

lnsulin increased IGFBP-3 stable mRNA levels but not IGFBP-4 stable

mRNA levels (Figures 3.13 & 3.14). Densitometric analysis of 4 separate
experiments showed that insulin increased IGFBP-3 stable mRNA 3-fold (n=4,
P ~ 0 . 0 5 )corresponding
~
to the increase in IGFBP-3 protein levels after insulin
treatment (Figure 3.15). Although a 2-fold increase in IGFBP-4 protein levels was
seen after 24 h treatment with 10 pg/ml of insulin, a corresponding increase in
IGFBP-4 stable mRNA levels did not occur. Insulin treatrnent did not significantly
affect IGFBP-5 stable mRNA levels.

3.4.8

Effect of Locally-Expressed Growth Factors, TGF-Pl and bFGF,
on Levels of IGFBPs in Chondrocyte Conditioned Media
A representative ligand blot of conditioned media obtained from

chondrocyte cultures treated with TGF-pl (2.5, 5 nglml) for 24 h is shown in
Figure 3.16. IGFBP-3 protein levels were increased by TGF$1 (P~0.05).
Densitometric analysis of four separate experiments showed that TGF-Pl at
doses of 2.5 and 5 nglml increased IGFBP-3 3-fold and 5-fold respectively
(Figure 3.1 7). In contrast, TGF-pl did not significantly affect IGFBP-2, IGFBP-5
and IGFBP-4 protein levels.
bFGF (5, 10, 20 nglml) did not alter IGFBP protein levels at 24 h in 3
separate experiments (data not shown).

Figure 3.13. Northern blot analysis of total RNA from chondrocyte cultures
treated with insulin and probed sequentially with

L3' Pl ovine

IGFBP-2, IGFBP-3

and 185 ribosomal cDNAs. Total RNA was extracted from the same cultures

from which CM was collected for IGFBP analysis. This is a representative

Northern blot of total RNA from cultures treated for 24 h with serum-free medium
(0) and insulin (10 pglml).
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Figure 3.14. Northern blot analysis of total RNA from chondrocyte cultures
treated with insulin and probed sequentially with [32P]human IGFBP-4, ovine

IGFBP-5 and -6 and 18s ribosomal cDNAs. Total RNA was extracted from the
same cultures from which CM was collected for IGFBP analysis. This is a
representative Northern blot of total RNA from cultures treated for 24 h with
serum-free medium (0) and insulin (10 pglml).

insulin
O 10

-

l
1

!

MW

+2.3kb
1.7 kb

IGFBP-4

--

+6.0kb
IGFBP-5

Figure 3.15. Densitornetric analysis (at least three up to 4 experiments) of
changes in IGFBP stable mRNA levels after treatment with insulin. Values are
expressed as meanfSEM of percent change from control (cultures without
treatment, O). 'Px0.05

(2-tailed; independent samples t-test for Equality of

Means) indicates a statistically significant change from control.
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Figure 3.16. Western ligand blot analysis of conditioned media (CM) from
chondrocyte monolayers treated with TGF-BI . Conditioned media were collected
from chondrocytes treated for 24 h with TGF-BI, subjected to SDS-PAGE,
transferred to nitrocellulose, incubated with [1251]IGF-lland followed by
autoradiography for 7 days at -70°C.This is a representative VVestern ligand blot
showing, serum-free medium control (0) and TGF-Pl treatment (2.5 and 5
nglml). This blot was overexposed in order to visualize IGFBP-3.

Figure 3.17.

The graphs show densitometric analysis (four

separate

experiments) of changes in IGFBP-2, -3, -4 and -5 levels in the CM from
chondrocytes treated with TGF-pl expressed as meankSEM of percent change
from control. *Pc0.05vs. control cultures (One-way Anova and Tukey-Kramer
test for multiple comparisons).
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3.4.9

Effect of TGF-Pl on IGFBP Stable mRNA Levels
To detemine whether the alterations in IGFBP protein levels seen in

conditioned medium foliowing exposure to TGF-pl were due to an increase in
stable mRNA levels, Northern blot analysis was perfoned on chondrocyte

cultures treated for 24 h with 5 nglml of TGF-Pl. Figures 3.18 & 3.19 are
representative Northern blots of chondrocyte total RNA probed sequentially with
radiolabeled IGFBP-2, -3, -4, -5 and -6 and 18s. Densitometric analysis of 4
separate Northerns detennined that stable IGFBP-3 mRNA were significantly
increased 2.5 fold corresponding with the increase observed at the protein level
(n=4, Pc0.05) (Figure 3.20). In contrast, IGFBP-2 stable mRNA levels were

and
) IGFBP-5 mRNA levels were significantly
increased 3 fold (n=4, ~ ~ 0 . 0 5
decreased to 30% of control levels (n=5, Pc0.05) despite the lack of significant
changes at the protein level for both IGFBP-2 and IGFBP-5. Densitometric
analysis of this Northern dernonstrated that 5 nglml of TGF-pl resulted in a
decrease in IGFBP-6 stable mRNA to 60% of control levels and slightly
increased IGFBP-4 mRNA levels to 125% of control Ievels. These trends were
seen in one additional experiment.

3.4.10

Effect of Systemic Hormones, Cortisol and T 3 4 , on Chondrocyte
IGFBP Levels

A representative ligand blot of conditioned media obtained from
chondrocyte cultures treated with cortisol (vehicle(ethanol), 1 FM, 5 PM) for 24 h
is shown in Figure 3.21. Cortisol treatment decreased IGFBP-2 and IGFBP-5
protein levels. Densitometric analysis of six separate experiments demonstrated
that 1 and 5 pM cortisol significantly decreased IGFBP-2 and IGFBP-5 protein

Figure 3.18. A representative Northern blot of total RNA prepared from
chondrocyte monolayers treated with TGF-pl , and probed sequentially with

[32

Pl

labeled ovine IGFBP-2, IGFBP-3 and 18s ribosomal cDNAs. Serum free control

(0)and TGF-pl treated (5 nghl).

Figure 3.19. A representative Northern blot of total RNA prepared from
chondrocyte monolayers treated with TGF-PI, and probed sequentially with

[32

Pl

labeled human IGFBP4, ovine IGFBP-5 and IGFBP-6 and 18s ribosomal
cDNAs. Serum free control (0) and TGF-Pl treated (5 nglml).

Figure 3.20. Densitometric analysis of Northerns (four separate experiments for
each IGFBP) showing changes in IGFBP stable mRNA levels after treatrnent
with TGF-Pl. Values are expressed as meankSEM of percent change from
control (cultures without treatment, O). 'Pc0.05 (2-tailed; independent samples ttest for Equality of Means) indicates a statistically significant change from control
cultures not incubated with TGF-Pl.
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Figure 3.21. Western ligand blot analysis of conditioned media (CM) from
chondrocyte monolayen treated with cortisol. Conditioned media were collected

from chondrocyte monolayers treated for 24 h with cortisol, subjected to SDSPAGE, transferred to nitrocellulose and incubated with ['2SI]IGF-II.This is an
autoradiograph of a representative ligand blot showing, serum free control (O),
serum free control with ethanol vehicle (O+v) and cortisol treatment (1 pM and 5

PM)

cortisol

O O+v 1 5 pM

levels to 50% of control levels (Pc0.05) (Figure 3.22). Cortisol did not
significantly alter IGFBP-4 and IGFBP-3 signal intensities. Analysis of one ligand
blot revealed a 2-fold increase in IGFBP-3 signal. Two additional experiments
demonstrated a 1.5-fold increase in IGFBP-3 signal intensity.

T, and T, (12.5, 25, 50 ng/ml) did not alter IGFBP protein levels in
three separate experiments after 24 h treatment at the three doses tested (data
not shown).

3.4.1 1

Effect of Cortisol on IGFBP Stable mRNA Levels
To determine whether the decrease in IGFBP-2 and IGFBP-5 detected

in the conditioned media following exposure to cortisol was due to a decrease in
stable mRNA levels, Northern blot analysis was perfomed on chondrocyte
cultures treated for 24 h with 5 pM cortisol. Figures 3.23 & 3.24 are
representative Northern blots of chondrocyte total RNA probed sequentially with
radiolabeled IGFBP-2, -3, -4, -5, -6 and 18 S cDNAs. Densitometric analysis of
three separate Northern blots showed that IGFBP-2 and IGFBP-5 stable mRNA
levels were significantly decreased to 30% and 50% of control levels (n=4,
Pc0.05) (Figure 3.25). In contrast to the protein levels, IGFBP-3 stable mRNA
levels were sig nificantly increased over 3-fold by 5 pM cortisol (n=4, Pc0.05).
Densitometric analysis of 2 separate Northerns showed that IGFBP-4 and
IGFBP-6 stable mRNA levels were unaffected by cortisol treatment.
The effects of IGF-1, IGF-II, insulin, TGF-BI and cortisol on IGFBP
protein release and stable mRNA levels observed in isolated fetal ovine growth
plate chondrocytes are summarized in Table 3.1. bFGF and T, and T, are not
included in Table 3.1 since treatment with these factors did not result in changes
in IGFBP protein release from isolated chondrocytes under the conditions used
in this study.

Figure 3.22. The graphs show results from densitometric analysis of six
separate Western ligand blots (separate experiments) showing cortisol induced
changes in IGFBP-2, -3, 4 and -5 levels in the CM from chondrocytes treated
with cortisol. The bars represent meantSEM of percent change from control with
ethanol vehicle. 'P~0.05, **?<0.005,+P<0.01 (One-way Anova and TukeyKramer test for multiple cornparisons) vs. control cultures incubated without

cortisol.
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Figure 3.23. A representative Northem blot of total RNA prepared from
chondrocytes treated for 24 h with cortisol, and probed sequentially with
[32P]labeledovine IGFBP-2, IGFBP-3 and 18s ribosornal cDNAs. Semm free
medium (SFM) control (O), SFM control with ethanol vehicle (O+v) and cortisol
treatment (5 FM).
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Figure 3.24. A representative Northem blot of total RNA prepared from
chondrocytes treated for 24 h with cortisol, and probed sequentially with

[32P]labeledhuman IGFBP-4, ovine IGFBP-5 and IGFBP-6. and 18s ribosornal
cDNAs. Serum free medium (SFM) control (O), SFM control with ethanol vehicle
(O+v) and cortisol treatrnent (5 FM).

cortisol

O o+v 5 l

Figure 3.25. Densitometric analysis of Northems showing changes in IGFBP
stable mRNA levels after treatrnent with cortisol. These graphs surnmarize
densitometric analysis of four separate experiments for each IGFBP. Values are
expressed as meaniSEM of percent change from control (cultures without

treatment but with ethanol vehicle, O). 'Pc0.05 (2-tailed; independent samples t-

test for Equality of Means) indicates a statistically significant change compared
to control cultures incubated without cortisol.
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Table 3.1. Summary of IGFBP regulation in isolated ovine fetal growth plate
chondrocytes.
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3.4.12

Modulation of IGF-IIStimulated DNA Synthesis by IGFBP-2
To determine if IGFBPs modulated IGF-II action in isolated growth

plate chondrocytes, monolayer cultures were treated with or without IGF-II and
various concentrations of either IGFBP-2, -3, -4 or -5.
Addition of 3.1 nM IGF-II to chondrocyte monolayers increased
13H]thymidine incorporation significantly compared to control cultures (Figure
3.26). Addition of 0.1 nM and 0.5 nM IGFBP-2 significantly increased IGF-II-

stimulated [3H]thymidine incorporation compared to cultures with IGF-Il alone
(P~0.05).A similar trend was seen in two separate experiments. Addition of 5 nM
IGFBP-2 alone had no effect on rH]thymidine incorporation.

3.4.13

Modulation of IGF-IIStimulated DNA Synthesis by IGFBP-3
Addition of 3.1 nM IGF-II to chondrocyte monolayers increased

[3H]thymidineincorporation as described above (Figure 3.26). Addition of IGFBP3 at concentrations greater than 1 nM significantly inhibited IGF-Il-stimulated

[3H]thyrnidine incorporation ( ~ ~ 0 . 0 5 5) . nM IGFBP-3 alone did not cause a
significant change in [3H]thymidineincorporation compared to control cultures.

3.4.14

Modulation of IGF-lldtimulated DNA Synthesis by IGFBP-4

The addition of 5 nM IGF-II significantly increased 13H] thymidine
incorporation in isolated chondrocytes (Figure 3.27 A, B; 3 experiments (n=3),

P<O.OOI;n=l, Pc0.01). Figure 3.27 A is a representative graph showing
[jHIthymidine incorporation of chondrocyte cultures after IGFBP4 treatment in
the presence or absence of 5 nM IGF-II. Figure 3.27 B shows the results
obtained in additional experiments. IGFBP-4 inhibited IGF-Il-stimulated DNA
synthesis in four experiments when present in molar excess of IGF-II (p<0.005).

Figure 3.26. Chondrocyte monolayers were incubated for 24 h with 3.1 nM IGF-

II and either IGFBP-2 (0.02-10 nM) or IGFBP-3 (0.02-10 nM). 5 nM of IGFBP-2
and IGFBP-3 alone did not affect FHIthymidine incorporation compared to
control cultures. IGFBP-2 significantly increased IGF-Il-stimulated [3H]thymidine
incorporation into DNA at 0.1 and 0.5 nM concentrations. IGFBP-3 significantly
decreased IGF-II stimulated [3H]thyrnidine incorporation at concentrations
greater than 1 nM. This result is one of 3 representative experiments. Each point
represents the meankSEM of 6 replicates. 'Pc0.05 (One-way Anova and TukeyKramer test for multiple comparisons) vs. 3.1 nM IGF-II alone.
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Figure 3.27. Chondrocyte monolayers were incubated for 24 h with or without 5

nM IGF-II and IGFBP-4 (0.1, 1, 5 and 10 nM). (A) This is a representative graph
showing IGFBP-4 treatment in the absence or presence of 5 nM IGF-II. Each
point represents the mean+SEM of 4 replicates. (6) This table demonstrates

results obtained in other replicate experiments. § represents a significant
difference at p<0.01 or betier compared to control cultures (no IGFBP-4 and IGF11). 10 nM IGFBP-4 significantly decreased IGF-Il-stimulated [=H]thymidine
incorporation into DNA in four experiments. 'Pc0.05,

"P<0.005,

+P<0.01,

++P<0.001 (One-way Anova and Tukey-Kramer test for multiple comparisons)

versus cultures treated with 5 nM IGF-II (no IGFBP-4).
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IGFBP-4 in the absence of IGF-II did not affect [3H]thymidine incorporation into
the DNA of isolated chondrocytes (Figure 3.27 B). Variable results were
observed for each experirnent at 5 nM, 1 and 0.1 nM concentrations and these
changes were not significant when the four experiments were analyzed together.

3.4.1 5

Modulation of IGF-IIStimuIated DNA Synthesis by IGFBP-5

The addition of 5 nM IGF-II significantly increased [3H]thymidine
incorporation in isolated chondrocytes (Figure 3.28 A & 0; th ree experiments

(n=3), P<O.OOI;n=l, P<0.01). Figure 3.28 A is a representative graph showing
[3H]thymidine incorporation of chondrocyte cultures after IGFBP-5 treatment in

the presence or absence of 5 nM IGF-II. 5 nM IGFBP-5 in the presence of an
equimolar concentration of IGF-II significantly decreased IGF-l1-stimulated
['Hlthymidine incorporation in three separate experiments although when four
experiments were analyzed together the decrease did not reach significance
(Figure 3.28 A & B). When IGFBP-5 was added in excess, IGF-Il-stirnulated DNA
synthesis was significantly inhibited in four separate experiments (n=3, Pc0-05;
n = l , P<0.001)(Figure 3.28

A & B). 5 nM IGFBP-5 in the absence of IGF-II did

not affect [3H]thyrnidine incorporation into the DNA of isolated chondrocytes
(figure 3.28 B). 0.1,1 and 10 nM IGFBP-5 in the absence of IGF-II did not affect
basal levels of DNA synthesis in chondrocyte cultures, although only one
experiment was conducted using these concentrations. 0.1 nM and 1 nM IGFBP5 did not significantly affect IGF-Il-stimulated DNA synthesis when the four

experiments were analyzed together.
IGFBP-3, -4 and -5 when added in molar excess of IGF-II, inhibited
IGF-Il-stimulated DNA synthesis in isolated growth plate chondrocytes. IGFBP-2
increased IGF-Il-stimulated DNA synthesis when present at concentrations lower
than that of IGF-II. IGFBP-2, -3, -4 and -5 did not significantly affect chondrocyte

DNA synthesis in the absence of exogenous IGF-II.

Figure 3.28. Chondrocyte monolayers were incubated for 24 h with or without 5

nM IGF-II and IGFBP-5 (0.1, 1, 5 and 10 nM). (A) This is a representative graph
showing IGFBP-5 treatment in the absence or presence of 5 nM IGF-II. Each
point represents the mean+SEM of 4 replicates. (6) This table demonstrates
results obtained in three replicate experirnents.
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difference at p<0.01 or better compared to control cultures (no IGFBP-5 and IGF-

11).

10 nM IGFBP-5 significantly decreased IGF-Il-stimulated [3H]thymidine

incorporation into DNA in four experiments. Treatment of chondrocytes with

lower concentrations of IGFBP-5 did not significantly alter IGF-Il-stimulated
growth as demonstrated by the inconsistent results between experiments at

these doses. *P<0.05, "P<0.005, +P<0.01, ++P<0.001 (One-way Anova and
Tukey-Kramer test for multiple comparisons) versus cultures treated with 5 nM
IGF-II (no IGFBP-5).
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3.5

DISCUSSION

3.5.1

Release and Synthesis of IGFBP from Chondrocyte Monolayers
The model of isolated ovine fetal growth-plate chondrocytes is likely to

select for the rapidly proliferating germinal cells at the expense of teminally
differentiated hypertrophic chondrocytes. The terminal

differentiation of

chondrocytes is associated with a marked fall in their ability to synthesize
glycosaminoglycans while maintaining type4 l collagen production (Wuthier 1970;

Hunziker et al. 1987). Early passage cultures of growth-plate chondrocytes
continue to display hormone-dependent changes in both collagenous and noncollagenous components of protein synthesis. The rnodel is comparable with
those described using growth-plate chondrocytes from the embryonic chick or
immature rabbit (O'Keefe et al. 1988; Horton et al. 1989; houe et al. 1989).
In the present study, it was demonstrated that IGFBPs are synthesized
and secreted by fetal sheep chondrocyte monolayers, and both lGFs and insulin
as well as TGF-PI and cortisol, differentially regulate IGFBP polypeptide and
stable mRNA levels at concentrations known to modify parameters of
chondrocyte function, suggesting physiological relevance.
lGFBPs -2 through -5 were localized within the cytoplasm specifically
the

perinuclear

region,

of

chondrocytes

in

monolayer

cultures

by

irnmunocytochemistry. Perinuclear staining is consistent with IGFBP protein
synthesis and transport in the rough endoplasmic reticulum and golgi apparatus
within chondrocytes. However, the chondrocytes rnay appear thicker in this
region, owing to their three-dimensional structure, and this may result in the
appearance of stronger staining in this region. We also demonstrated that ovine
growth plate chondrocytes secreted a 43-38 kDa IGFBP and 28-24 kDa doublet,
a 32-29 kDa IGFBP triplet and a 34 kDa protein under basal conditions. Our
results confirm the previous findings of Sunic et al. (1995) that four different

forms of IGFBPs of approximately 22,24; 29-30 and 34 kDa are released from
isolated fetal ovine growth plate chondrocytes and the most abundant foms
being 34 and 22, 24 kDa. That study however, did not characterize the IGFBP
bands. In contrast to Our study they failed to detect a 43-38 kDa species. This
may be due to the fact that they did not concentrate the conditioned medium as
extensively. This was supported by their finding that without IGF treatment only
the 34 kDa lGFBP was visualized in serum-free medium alone by Western ligand
blot. Similar IGFBPs of 30 and 24/20 kDa have been described in chondrocytes

of rabbits (Froger-Gaillard et al. 1989) and chickens (Burch et al. 1990, Schiltz et
al. 1993), although these studies did not characterize the IGFBP bands.
Additional studies have shown that chondrocytes from mouse embryonic limb
buds produce IGFBPs of 35-40 kDa (IGFBP-3). 28-30 kDa (IGFBP-2) and 24-25
kDa (IGFBP-4) (Bhaurnick 1993). while bovine adult articular chondrocytes
release IGFBPs of 24, 29, 33 (IGFBP-2) and 43/39 kDa (IGFBP-3) (Olney et al.
1993). Sunic et al. (1995) confirmed Olney's finding that 29 and 31 kDa forms
are the most abundant forms of IGFBPs produced by bovine adult chondrocytes.
A recent study has shown that rat articular chondrocytes secrete IGFBP-5 (29

kDa) and IGFBP-4 (24 kDa) as the predominant IGFBPs, as well as IGFBP-2
(32-30 kDa) and IGFBP-3 (43-39 kDa) as the minor species (Matsumoto et al.
1996).
In ovine growth plate chondrocytes, we have determined that the 4339 kDa IGFBP is most likely IGFBP-3, based on electrophoretic migration and
glycosylation, that the 24 kDa IGFBP is IGFBP4. as detenined by Western
immunoblot. The 34 kDa IGFBP was identified as IGFBP-2. The 32-29 kDa
triplet may be IGFBP-5 and its glycosylated fragments (Conover & Kiefer 1993;
Conover et al. 1993a), another band of IGFBP-2 (Matsurnoto et al. 1996), or
IGFBP-1 which all migrate at similar molecular weights. The IGFBP-5 antibodies
(available commercially) were unable to detect IGFBP-5 in the control CM of
isolated ovine growth plate chondrocytes. The 29 kDa band was only visualized

with human IGFBP-5 antisenim when CM from chondrocytes treated with IGF-II
was analyzed. Conover & Kiefer (1993) found that U-2 human osteosarcorna
cells secrete a 29/32/34 kDa insulin-like growth factor binding protein (IGFBP)
identified as O-glycosylated IGFBP-5. Cultures of osteoblast-enriched cells from
fetal rat parietal bone also release IGFBP-5 in triplet fom, the major form being
31 kDa and two minor forrns in the 29-30-kDa range (Canalis & Gabbitas 1995).
These sizes resemble those of fetal sheep chondrocytes. Froger-Gaillard et al.
(1989) found that in adult rabbit serum the 30 kDa BP: which may be IGFBP-5,
appeared as a doublet or triplet, comprising mostly 30 kDa material and lesser
amounts of 31 kDa and 28 kDa. The 30 kDa form most often appeared as a 31-

30 kDa doublet in the conditioned medium of rabbit articular chondrocytes. The
28 kDa band seen in ovine growth plate chondrocyte conditioned medium is
likely a glycosylated form of IGFBP-4 although it did not appear on the IGFBP-4
immunoblot. A faint band. approximately 27-28 kDa, appears below the triplet on
blots that contain v e r - concentrated media. Native IGFBP-6 is O-glycosylated
and migrates as a broad band between 24- and 28-kDa (Bach et al. 1992).
IGFBP-6 has selective affinity for IGF-II (Kiefer et al. 1992;Bach et al. 1992) and
is not normally detected by Western ligand blot using ['251]IGF-I. In this study
bands at 28 kDa and 23 kDa were only detected by Western ligand blot analysis
with ['251]IGF-ll.Its molecular weight is consistent with IGFBP-6 and the 23 kDa
band rnay be a glycosylated fragment. Our study is the first report demonstrating
that IGFBP-6 may be released by chondrocytes, although Sunic et al. (1995)
also observed a band at 22 kDa but did attempt to characterize it. The 23 kDa
band rnay also be an IGFBP-5 proteolytic fragment which has been shown to
rnigrate at this size and it has been shown to have a higher affinity for IGF-II
(Camacho-Hubner et al. 1992).
To characterize the IGFBPs further. IGFBP mRNA expression was
assessed. Under basal conditions, mRNA was detected for IGFBP4 and IGFBP5 but not IGFBP-1. suggesting that the major 29 kDa IGFBP is IGFBP-5.

Transcripts for IGFBP-2. IGFBP-3 and IGFBP-6 were also detected. Very low
levels of IGFBP-3 transcripts and polypeptide levels were detected in
chondrocyte monolayers. In some cultures transcripts for IGFBP-5 were barely
detectable even after long exposure times. Relatively high levels of IGFBP-2
mRNA and protein is consistent with IGFBP-2 being developrnentally regulated.
with elevated expression in fetal tissues (Clemmons 1991; Ooi et al. 1990).
These results. collectively suggest that IGFBPs rnay play a significant role in
regulating IGF actions in fetal and adult articular and growth plate chondrocytes.

3.5.2

IGFs and lnsulin Differentially Regulate Chondrocyte IGFBPs

We examined the changes in secreted and synthesized IGFBPs
following treatment with IGFs and insulin in growth plate chondrocytes. IGFs and
insulin regulate the concentration of IGFBPs in the media of different cell lines by
various mechanisms. lnsulin increases the secretion of IGFBP-5 in FRTL-5 rat
thyroid cell (Backeljauw et al. 1993). IGFBP-3 in bovine fibroblasts and rat
astroglial cells (Bale 8 Conover 1992; Bradshaw & Han 1993) and IGFBP4 in
human dermal fibroblasts (Camacho-Hubner et al. 1992) by increasing the
steady-state levels of the respective mRNAs. IGFs also can stimulate the
production of IGFBPs by increasing IGFBP mRNA abundance (Backeljauw et al.
1993; Bale & Conover 1992; Camacho-Hubner et al. 1992), although in other
cases, an increase in IGFBP mRNA is not observed. In these instances, posttrans!ational mechanisms that depend on the association of IGFs to IGFBPs
appear to be responsible for changes in the accumulation of IGFBPs in the
media of secreting cells. Some examples include displacement of IGFBP-3 from
the cell surface or extracellular rnatrix (Oh et al. 1992; Martin et al. 1992) and
modulation of the susceptibility of IGFBP-3, -4 and -5 to proteolytic cleavage by
secreted proteases (Camacho-Hubner et al. 1992; Fowlkes & Freernark 1992;
Conover et al. 1993a; Jones et al. 1993; Conover & Kiefer 1993; Oh et al. 1993).

3.5.2.1

IGF-I and IGF-II lncrease IGFBP-3 and IGFBP-5 Levels in the
Conditioned Media of Chondrocyte Monolayers
In the present study, addition of IGF-I or IGF-II to growth plate

chondrocytes significantly increased the levels of medium IGFBP-5 and IGFBP-3
in a dose-dependent manner, indicating that their effects were specific. The
increase could not be accounted for by an increase in the synthesis of total
secretory proteins, as the total protein content of the conditioned media
remained relatively unchanged with IGF treatment. Hill & Logan (1992a) have
shown previously that the cell cycle of synchronized in vitro chondrocytes lasts
longer than 24 hours. A sharp peak of radiothymidine incorporation was seen
after 20 and 22 h of incubation, indicating the end of the G1 phase and entry of
the rnajority of cells into S phase of the cell cycle. Rounded cells undergoing
mitosis were seen by light microscopy after approximately 26h. This indicates
that increases in cell number by IGFs are unlikely to be seen after 24 h
treatment. Therefore, an increase in IGFBPs due to increases in cell number is
unlikely. The lGFs were equally potent in stimulating IGFBP levels despite the
finding that IGF-I was more effective as a mitogen than IGF-II in these cultures
(Hill & De Sousa 1990). Previous studies have also documented regulation of the
IGFBPs of chondrocytes by IGFs. IGF-I and IGF-II resulted in a dose-dependent
increase of IGFBP-5 and a small increase in IGFBP-4 in conditioned media (CM)
of rat articular chondrodrocytes (Matsumoto et al. 1996). IGF-I had a stimulatory
effect on the 30 kDa IGFBPs in rabbit articular chondrocytes (Froger-Gaillard et
al. 1989) and increased IGFBP-3 and IGFBP4 in bovine articular chondrocytes
(Olney et al. 1993).

We have extended these studies by showing changes in IGFBP stable
mRNA levels. IGFBP-3 mRNA levels were elevated after IGF treatment,
although IGFBP-5 stable mRNA levels did not increase as was observed with
IGFBP-5 protein. The disparity between IGFBP-5 mRNA and protein levels at 24
h suggests that IGFBP-5 synthesis is regulated at a post-transcriptional level or

that changes in the level of IGFBP-5 stable mRNA levels are occuring at an
earlier time point. IGFBP-5 stable mRNA levels were not increased above control
levels at any time point examined. Thus, IGFBP-5 availability appears to be posttranscriptionally regulated by lGFs in fetal sheep growth plate chondrocytes.
Other authors have suggested that the CM concentration of IGFBP-5
rnay be increased without influencing mRNA levels in rat and human osteoblastic
cells (Conover & Kiefer 1993; Conover et al. 1993a). human fibroblasts
(Camacho-Hubner et al. 1992; Clemmons et al. 1990) and human breast
carcinoma cells (Shemer et al. 1993). These authors speculated that the
increased levels of IGFBP-5 after IGF-I treatment were due to the protection of
IGFBP-5 complexed with IGF-I against an IGFBP-5 protease. This conclusion
was based, in part, on the relative abilities of IGF and IGF analogs to increase

IGFBP-5 levels in CM; specifically, IGFBP-5 levels were increased by IGF
analogs that retain affinity for IGFBPs but not those that exhibit reduced affinity
for IGFBPs. Although we have not investigated this possibility, a recent paper by
Matsumoto et al. (1996) found IGFBP-5 protease activity in the CM of rat
articular chondrocytes. This experiment was unlike those published by Conover
et al. (1993b), Fielder et al. (1993) and Fowlkes et al. (1994). Matsumoto et al.
(1996) used cell CM treated with IGF-I and IGF-II peptide, not the pretreatment
of basal CM with IGF-I or IGF-II peptide. The authors speculated that the
protection of IGFBP-5 proteolysis in their cell system rnay be explained by the
possibility that (1) IGF-I or IGF-II rnay bind to protease and inhibit its activity, (2)
the increased IGFBP-5 protein rnay saturate the protease activity or (3) the
addition of IGF-I or IGF-II rnay be sufficient to bind to IGFBP-5 and protect it from
the proteolytic activity. However protection against proteolysis rnay not be the
whole story and possible IGF effects on IGFBP-5 secretion andlor extracellular
matrix associations need to be considered as well. IGFBP-5 associates with the
extracellular matrix in fibroblasts and bone (Bautista et al. 1991; Jones et al.
1992).

The regulation of IGFBP-3 synthesis by IGFs is reported for a variety
of cell types, and the degree and mechanism of the response is cell type

dependent. In many different tissue systems in vitro, IGF-I increases IGFBP-3
synthesis (Smith et al. 1990, Conover 1990. Ceda et al. l991, Neely &
Rosenfeid 1992. Martin et al. 1992,Bradshaw 8 Han, 1993). In cultured bovine
fibroblasts, IGF-I receptor activation induces IGFBP-3 rnessenger RNA (mRNA)
and protein expression (Conover et al. 1990; Bale & Conover 1992). In some
cells, IGF-I treatment results in increased levels of IGFBP-3 via an IGF-receptorindependent mechanism (Martin & Baxter 1993; Conover 1991; CamachoHubner et al. 1992). The release of cell surface associated IGFBP-3 by IGF-I
induced protease activity also accounts for the apparent increase in IGFBP-3
secretion into the conditioned media of sorne cells (Conover 1992). This
mechanism may account for the disparity between IGFBP-3 protein and stable
mRNA levels after IGF treatment in fetal sheep chondrocyte monolayers. This
possibility was not examined in the current study, however affinity cross-linking
with [1251]IGF-IIrevealed at least two cell surface associated proteins on fetal
ovine chondrocyte monolayers that bound IGF and had a molecular weight in the
range of IGFBPs (P. de los Rios; data not shown). The molecular weights
correspond to IGFBP-3 and perhaps IGFBP-2 or IGFBP-5, although to date they
have not been identifred. For this culture model the effect of lGFs on IGFBP
selective proteases remains to be deterrnined. Clearly, a greater understanding
of the role of these proteases is needed to determine their influence on IGF
actions in cartilage tissue. Some of the increase in IGFBP-3 polypeptide levels
after IGF-I or IGF-II treatment observed by Western ligand blots may, at least in
part, reffect the general stimulatory action of the IGFs themselves on protein
synthesis, or ligand mediated IGFBP stabilization (McCarthy et al. 1989;
Conover 1991; Grimes & Hammond 1994).
Despite abundant expression of IGFBP-6 mRNA, we were unable to
determine changes in IGFBP-6 in chondrocyte CM. Because IGFBP-6 is

reported to have 10-100 times higher binding affinity for IGF-II than for IGF-I
(Kiefer et al. 1992). we performed Western ligand blotting using both ['251]IGF-I
and ['251]IGF-ll;there were two unique bands at approximately 28 and 23 kDa
possibly corresponding to IGFBP-6 (Shimasaki 8 Ling 1991). IGFBP-6 however
was not always visible, depending on the extent of concentration. therefore
assessrnent of IGFBP-6 protein regulation was not done. IGFBP-6 was often COlocalized with other IGFBP bands in Western ligand blot.

3.5.2.2 Insulin Regulates IGFBPs in Chondrocyte Conditioned Medium
Insulin, at pharmacological doses of 1 and 10 pglrnl, was able to
increase IGFBP-3 and IGFBP-4 protein levels. lnsulin stimulated the production
of IGFBP-3 increasing IGFBP-3 stable mRNA. In contrast, IGFBP-4 stable

mRNA levels did not change despite significant changes in protein levels.
Froger-Gaillard et al. (1989) found that insulin at a pharmacological dose of 5
pglml stimulated the production of 30 kDa, 24 kDa and 20 kDa forms in postnatal
rabbit chondrocytes. Both Hill & De Sousa (1990) and Froger-Gaillard et al.
(1989) demonstrated that IGF release by chondrocytes was unaltered by
addition of physiological concentrations of insulin, but was significantly increased
by pharmacological doses. This suggests that IGFs may mediate the insulinstimulated increase in IGFBP levels observed in these cell systems. In the
present study, IGFBP-3 levels were increased by IGFs and insulin, but IGFBP-5
levels were exclusively increased by lGFs and IGFBP-4 was solely increased by
insulin. This suggests that insulin has independent regulatory effects on IGFBP
levels in the CM of fetal chondrocytes. Interestingly, the fact that insulin (which
does not bind IGFBPs) was not able to increase IGFBP-5 levels in chondrocyte
conditioned medium, suggests that the ability of IGFs to increase IGFBP-5
peptide levels appears, in part. to be type I IGF receptor independent
(Clemrnons et al. 1992). Comparable effects of lGFs and IGF analogues with
reduced afinity for the type I receptor would confirm this. Camacho-Hubner et al.

(1992) similarly reported that IGF-I and IGF-II, but not insulin, increased IGFBP-5
levels in human fibroblast-conditioned medium and further demonstrated that the
IGFs were influencing proteolytic degradation of IGFBP-5 as mentioned by
others above.
Insulin reproduced the effects of IGFs at pharmacologic doses. We
have previously demonstrated that insulin increased DNA synthesis with a
biphasic dose response in the same cultures of isolated fetal lamb chondrocytes
used in this study; an initial 3- to Bfold increase in DNA synthesis occurring at
approximately 1 nM insulin with a second response seen at approximately 50 nM
(Hill & De Sousa 1990). Within the physiological range of concentrations, insulin
was only 50% as active as insulin-like growth factor I (IGF-1), but was 15 times
more active than IGF-II (Hill & De Sousa 1990). Hill &

De Sousa (1990) found

that physiological concentrations of insulin were additive to maximal amounts of
IGF-I suggesting that insulin was acting via a separate receptor population to
IGF-1; most likely the insulin receptor. Chondrocytes possess both the type I and
type Plmannose-6-phosphate receptors for IGF peptides and specific receptors
for insulin (Schalch et al. 1986; Jansen et al. 1989; Watanabe et al. 1985; Foley
et al. 1982). The second phase of DNA synthesis seen when fetal chondrocytes
were exposed to pharmacological amounts of insulin would be compatible with

the known cross-reactivity of insulin with the type I IGF receptor (Maly & Luthi
1986). A point in favour of insulin-stimulated IGFBP-3 release resulting from a
specific effect on IGFBP-3 synthesis mediated by the IGF-I receptor, is that both
IGF-I and IGF-II at physiological doses stimulated IGFBP-3 production to an
equal or greater extent than insulin at 10 pglml, a phamacological dose.
Although, an interaction with the insulin receptor can not be discounted.
lnsulin increased IGFBP-4 levels without a corresponding increase in
IGFBP-4 stable mRNA. An increase in IGFBP-4 stable mRNA rnay have
occurred at an earlier time point. This was not examined. The increase in
secreted IGFBP-4 may reflect a specific increase in IGFBP-4 protein synthesis.

Although, insulin did not significantly increase total protein of the conditioned
medium. The fact that insulin does not bind IGFBPs argues against posttranslational mechanisms such as stabilization against proteolysis. IGFBP-4 has
not been shown to bind to the cell membrane or the extracellular matrix so
redistribution is unlikely.
The increase in IGFBP-3 stable mRNA at 24 h stimulated by the lGFs
and insulin could refiect either an increase in mRNA synthesis (transcription). an
increase in stability of the mRNA or both. Studies that directly rneasure rates of
transcription andlor mRNA degradation, however, will be required to determine
this. Consensus sequences for putative insulin and IGF-responsive elements
have been reported in the rat IGFBP-3 gene promoter (Saffery et al. 1994);
however, analysis of the human IGFBP-3 promoter sequence did not identify
elernents that might rnediate the stimulatory effects of insulin or IGF peptides
(Cubbage et al. 1990). The ovine IGFBP-3 gene promoter has not been
sequenced to date.

3.5.3

Modulation of IGF-IIStimulated Action by IGFBP-2, -3, -4 and -5
Although IGF-binding proteins inhibit or enhance IGF action, inhibitory

effects are more common. Inhibition is due to sequestration of the IGFs from cellsurface receptors and has been demonstrated for IGFBPs 1-4 (Ritvos et al.
1988; Gopinath et al. 1989; Burch et al. 1990; De Mellow & Baxter 1988;
Conover et al. 1990). In addition, IGFBP-1 (Busby et al. 1988), IGFBP-3 (De
Mellow & Baxter 1988; Conover et al. 1990; Blum et al. 1989) and IGFBP-5
(Andress & Birnbaum 1992) will enhance IGF-stimulated mitogenesis in certain
cell types under specific culture conditions. For exarnple, IGFBP-3 potentiates
IGF-stimulated fibroblast mitogenesis only after a prolonged preincubation period
with the binding protein (De Mellow & Baxter 1988; Conover et al. 1990) or
following incubation with IGFBPJ that is already complexed with IGF-I (Blum et

al. 1989). While cell surface attachment of IGFBP-3 (Conover et al. 1990) may
be important for IGF-enhancement, other potential mechanisms for this action
are suggested (Blum et al. 1989; Conover et al. 1996; Jones et al. 1991).
IGFBP-5 potentiated the growth stimulatory effects of IGF-I on fibroblasts when it
was bound to the ECM; soluble IGFBP-5 had no effect (Jones et al. 1993).
We have shown that in fetal sheep growth plate chondrocytes in vitro,

that IGFBP-3, 4 and -5 inhibit IGF-Il-stirnulated [3H]thyrnidine incorporation.
IGFBP-2 potentiates IGF-Il-sürnulated DNA synthesis at low concentrations
relative to IGF-II. Fetal sheep growth plate chondrocyte growth in vitro was
significantly stimulated by the exogenous addition of IGF-II as shown previously
by Hill & De Sousa (1990). IGF-II treatment in vivo is reported to increase

epiphyseal cartilage width as well as [3H]thymidine incorporation into costal
cartilage, suggesting that IGF-II is stimulatory to cartilage growth (Shaar et al.
1989; Zapf et al. 1985).

IGFBP action has been widely studied in many cell types, although few
studies are directed at IGFBP action in the growth plate. We have shown that

IGFBP secretion and synthesis however, is regulated in chondrocytes therefore
suggesting that IGFBPs could be important regulators of IGF action in
chondrocytes. Sunic et al. (1995) demonstrated that IGF analogues (have
reduced affinity for the IGFBPs) more potently stimulate DNA synthesis and
proteoglycan synthesis in ovine and bovine growth plate chondrocytes. This
provides indirect evidence that IGFBPs are able to modulate IGF action in
chondrocytes. Burch et al. (1990) and Schiltz et al. (1993) demonstrated that

free IGF-I and IGF-II increase thymidine uptake in (chick) pelvic cartilage, but
this increase was reduced when IGFBP-4 or IGFBP-1 was added with the IGF-I
or -II. In fetal sheep growth plate chondrocyte cultures we also demonstrated a
reduction in IGF action, specifically IGF-II, when IGFBP-4 was added
sirnultaneously. Mohan et al. (1995) indicated that IGFBP-4 inhibited the binding
of radiolabeled IGF ligand to bone cells in monolayer culture and had no

significant effects on the mitogenic activity of des-1-3-IGF-l or des-1-6-IGF-Il
analog (each has 100-fold lower affinity for IGFBP4). This supports the
conclusion that IGFBP-4 inhibits IGF-induced cell proliferation by preventing IGF
binding to its receptors. Schiltz et al. (1993) also demonstrated a decrease in
basal DNA synthesis in chick cartilage as a result of IGFBP-4 treatment. We
were not able to demonstrate that IGFBP-4 or IGFBPs -2, -3 and -5 decreased
basal chondrocyte growth. A decrease in basal DNA synthesis after IGFBP-4
treatment was seen in one experiment. It is possible that incubation with serumfree medium prior to addition of IGFBP-4 decreased basal levels of [3H]
thymidine incorporation to levels at which further inhibition could not be detected.
Hill & Logan (1990) have shown previously that isolated chondrocytes release
IGF-II into the surrounding medium, which provides evidence consistent with the
notion that cartilage produces its own stimulatory factors, which can act in an
autocrine and paracrine rnanner to stimulate growth.
IGFBP-2 inhibited IGF-stimulated ['Hlthymidine incorporation in a
nurnber of cell types (Knauer & Smith 1980; Mottola et al. 1986; Han et al. 1988;
Reeve et al. 1993). IGFBP-2 is a weak potentiator. IGFBP-2 can enhance IGF-1induced increase in DNA synthesis in porcine smooth muscle cells. but this effect
is dependent upon the presence of platelet poor plasma (Bourner et al. 1992).
IGFBP-2 potentiates IGF-II rnitogenic activity on sheep choroid plexus cells when
it is associated with the cell surface through its Arg-Gly-Asp (RGD) integrin
recognition motif in its carboxyl terminal (Delhanty & Han 1993). We
demonstrated that IGFBP-2 potentiates IGF-II mitogenic activity on sheep growth
plate chondrocytes but the mechanism was not examined.
We found that exogenous IGFBP-3 inhibits IGF-Il-induced cell
proliferation in chondrocyte cells. We also observed that IGF-1, IGF-II and insulin
stimulated IGFBP-3 release into the CM of isolated chondrocytes. This suggests
an important physiological role for IGFBP-3 in growth plate chondrocytes since it

is regulated by a least three physiological agents. Both inhibiting (DeMellow 8

Baxter 1988; Conover et al. 1990) and enhancing effects (DeMellow 8 Baxter
1988; Blum et al. 1989) of IGFBP-3 on IGF action have been reported. Although
OUT

data appear to be at variance with some reports on a stimulatory or

potentiating effect of IGFBPs on IGF action, they do not exclude the possibility
that under different experimental conditions the actions of IGF might be more
pronounced in the presence than in the absence of IGFBPs. The biological
effects of IGFBP-3 appears to be associated with its concentration relative to the
IGFs and other IGFBPs, the temporal relationship to IGFs with regard to their
presence in the extracellular milieu, and whether it is associated with the cell
surface (Clernmons et al. 1991). In general, inhibition may result from high
affinity IGFBP-3 binding and sequestering of IGF-1. IGFBP-3 added at
concentrations in molar excess of IGF-II, was able to significantly decrease IGF-

II action in the growth plate. IGF-I and IGF-II increased IGFBP-3 levels in the
extracellular milieu of chondrocyte monolayers. Since IGFBP-3 inhibits IGF-II
stimulatory action, IGFs may modulate their own action by regulating IGFBP-3
levels in the extracellular milieu of chondrocyte rnonolayers.
Exogenous IGFBP-5 added to chondrocyte monolayers decreased
IGF-Il-stimulated DNA synthesis at an equimolar concentration and at 10 nM.
The regulated availability of IGFBP-5 in the CM of these cells by IGFs may
provide a mechanism regulating IGF action on growth plate chondrocytes. The
presence of exogenous or endogenous IGFBP-5 in pericellular Ruid has been
shown to inhibit IGF-I stimulated mitogenesis (Conover & Kiefer 1993; Kiefer et
al. 1992). On the other hand, IGFBP-5 associated with the extracellular matrix
can potentiate IGF action (Bautista et al. 1991; Jones et al. 1993). Jones et al.
(1993) have proposed that the low affinity matrix-bound IGFBP-5 potentiates
cellular responsiveness to IGF by facilitating the delivery of IGF to its receptor.

3.5.4

CONCLUSION
The regulation of IGFBPs by their endogenous ligands (IGFs)

suggests the presence of an autocrinelparacrine loop mechanism for maintaining
IGF and IGFBP homeostasis within the tissue system. The presence of
increased IGF levels in the extracellular milieu would result in the increased
activation of IGFBP genes and an increase in the production and secretion of
IGFBPs. IGFBP-3, 4 and -5 inhibited IGF-Il-stimulated mitogenic action in
isolated growth plate chondrocytes when present in molar excess of IGF-II. The
increased levels of IGFBPs may sequester excess IGFs and thus rnodulate their
biological activity upon the cells. This feedback rnechanisrn would be important
in maintaining cellular homeostasis and regulated growth which is crucial to the
developmental process. However, the exact function of the chondrocyte IGFBPs
will need to be elucidated to detemine their biological effect on growth of this cell
type.

3. 5. 5

Regulation of IGFBPs by TGF-BI

Many growth factors and cytokines are considered to play an important
role in the developrnent and homeostasis of growth plate cartilage. Knowledge of
how these factors interact with each other is essential for understanding how
chondrocytes control cell proliferation and synthesis of its extracellular matrix.
Using cultured fetal sheep growth plate chondrocytes, we investigated the
regulation of the IGF autocrinelparacrine axis, specifically the production of
IGFBPs, by TGF-pl and bFGF.

TGF-PI differentially regulated the levels of chondrocyte IGFBPs
detected in the conditioned media. Chondrocyte cultures treated for 24 h with
1.25, 2.5, 5 and 10 ngfml of bFGF, concentrations shown to be mitogenic in this
culture system (Hill & Logan 1992a), did not alter IGFBP peptide levels in the
conditioned medium. bFGF has been shown to increase IGF-I release in rabbit

articular chondrocytes (Elford & Larnberts, 1990) and IGF-II release in fetal
sheep chondrocytes by us (unpublished results, David Hill). In this study under
these particular culture conditions, however, bFGF treatrnent did not alter IGFBP
levels in the conditioned medium of fetal sheep chondrocyte monolayers.
However, the same cultures treated for 24 h with TGF-pl at 2.5 and 5 nglml
significantly increased IGFBP-3 polypeptide levels detected by ligand blot
analysis and this was most likely due to an increase in stable IGFBP-3 mRNA
levels.
The regulation of IGFBPs by TGF-Pl in isolated growth plate
chondrocytes to our knowledge has not been exarnined. Although, some studies
exist which examine the effect of TGF-Pl on IGF-I release from chondrocytes. A
study by Tsukazaki et al. (1994) using cultured rat articular chondrocytes,
demonstrated that TGF-p 1 acted synergistically with IGF-I and regulated the
IGF-I autocrinelparacrine axis via a complex regulatory mechanism with included
a decreased production of IGF-I and a 41 kDa IGFBP (rnost likely IGFBP-3) and

dephosphorylation of IGF-I receptor with no apparent up-regulation of the
binding of [1251]1GF-I.ln chicken articular chondrocytes and rabbit articular
chondrocytes, TGF-pl was also shown to decrease IGF-I production and
release; TGF-Pl was reported to stimulate IGF-I synthesis in neonatal murine
osteoblasts (Matsumoto et al. 1994; Elford & Lamberts 1990). In fetal sheep
chondrocyte monolayers, Hill & Logan (1992a) and Hill et al. (1992b)
demonstrated that TGF-Pl (20-100 prnolll) inhibited the ability of IGF-I to
increase DNA synthesis or chondrocyte replication; TGF-pl at the same
concentrations inhibited the ability of IGF-I to stimulate total protein or collagen
synthesis, but was additive to IGF-1's stimulatory effect on sulphated
glycosaminoglycan synthesis.

The effects of TGF-Pl on IGFBP stable mRNA levels and IGFBP
protein levels in the conditioned medium has been examined in other cell types.
In a study similar to ours, Martin & Baxter (1991) reported that TGF-Pl was

capable of stimulating IGFBP-3 secretion from human neonatal fibroblasts in
vitro over two-fold as a result of de novo synthesis (Martin et al. 1992). San
Roman & Magoffin (1992) also showed that TGF-pl stimulated IGFBP-3
secretion by hurnan theca and granulosa cells. Cazals et al. (1994) and Guo et
al. (1995) both found that TGF-Pl was a potent stimulator of IGFBP-2 expression
by lung alveolar epithelial cells and a nontransformed IEC-6 cell line established
from rat jejunal crypt respectively. On the other hand, Chen et al. (1993) showed

that TGF-Pl substantially lowered the release of IGFBP-2 and IGFBP4.
Osteoblast enriched fetal rat calvariae cells (Ob cells) treated for 24 h with
TGFpl at 1.2 nM decreased IGFBP-5 mRNA by 75% or greater (Canalis &
Gabbitas 1995). Thus the divergent roles of TGF-pl in the regulation of IGFBP
secretion and synthesis may lie in different types of cells and IGFBPs. Sorne of
these studies parallel changes demonstrated in isolated chondrocyteç. In the
current study, treatment with TGF-pl increased IGFBP-3 release into the CM of
chondrocyte monolayers as seen by others (Martin & Baxter 1991, San Roman 8
Magoffin 1992). This increase in IGFBP-3 release is unlikely due to an increase
in ce11 number since TGF-pl alone at the sarne doses used in this study, did not

alter DNA synthetic rate in this culture system after 24 h treatment (Hill & Logan
1992a). We found that TGF-pl increased the level of IGFBP-3 stable rnRNA,
indicating that the upregulation of IGFBP-3 by TGF-pl occurs, at least in part, at
the level of mRNA, which may be due to the increase of mRNA transcription or
the decrease of mRNA degradation. As mentioned above TGF-pl reduces IGF-I
mitogenic activity in chondrocyte monolayers. It is possible that TGF-pl reduces
IGF activity by increasing endogenous IGFBP-3 which in this cell system has

been shown to inhibit IGF-Il-stimulated DNA synthesis. Yateman et al. (1993)
demonstrated that TGF-Pl reduces the sensitivity of Hs68, a normal human
fibroblast ce11 line, to IGF-I by increasing the concentrations of IGFBP-3 released
by the cells. Confirmation of this mechanism of IGF-I modulation was made

using the Long-R3-IGF-I analogue, the effective dose range of which remained

unaltered in the presence of TGF-Pl because of its greatly reduced afinity for
IGFBPs.
Treatment of chondrocyte monolayers with TGF-pl for 24 h, resulted
in a dramatic decrease in IGFBP-5 mRNA, although a decrease in IGFBP-5 in
the conditioned medium at 24 h was not observed. Canalis & Gabbitas (1995)
also dernonstrated a large decrease in IGFBP-5 stable mRNA levels. The
authors did however, demonstrate that TGF-p1 at 1.2 nM for 24 h decreased the
31-kDa form of IGFBP-5 in the extracellular matrix. Intact IGFBP-5 is prirnarily

present in the extracellular matrix of skeletal and nonskeletal cells (Mohan 1993;
Jones et al. 1993). Bovine, rat and human IGFBP-5 have been shown to contain
three

GAG-binding

consensus

sequences

allowing

it

to

bind

to

glycosaminoglycans (GAGs) specifically heparin (Hodgkinson et al. 1994). We
did not examine IGFBP-5 presence in the extracellular matrix of chondrocyte
cultures and to Our knowledge other investigators have not shown the presence
of IGFBP-5 in chondrocyte extracellular matrix. The matrix of chondrocytes is
rich in GAGs and therefore IGFBP presence in the extracellular matrix is
possible. IGFBP-5 polypeptide levels in the conditioned medium of chondrocyte
monolayers are also low, visualization of IGFBP-5 was only possible after CM
was concentrated 20-fold and autoradiographs were exposed for at least 5 days.

Modifications in IGFBP-5 protease levels or activity is another level of
regulation by which skeletal growth factors have been shown to modify IGFBP-5
polypeptide in bone cells and articular chondrocytes (Kanzaki et al. 1994;
Thraikill et ai. 1994). TGF-Pl itself is stored in large arnount in the cartilage
matrix in its latent form until TGF-Pl is generated as a result of protease
activation by

matrix

proteolysis. It was

recently shown

that

matrix

metalloproteinase I or interstitial collagenase degrades IGFBP-5, and TGF-Pl
regulates interstitial collagenase synthesis in skeletal and nonskeletal cells
(Thrailkill et al. 1994; Matrisian 8. Hogan 1990). This would suggest that TGFPl

has the capability of regulating IGFBP-5 by transcriptional and post-translational
mechanisms.

We also dernonstrated an increase in IGFBP-2 stable mRNA levels
after 24 h treatment with TGF-Pl as seen by others (Guo et al. 1995). but unlike
others, we did not observe significant changes in IGFBP-2 release into the
conditioned medium of chondrocytes, a similar discrepancy as was seen with
IGFBP-5. It is possible that TGF-Pl initiated a change in the localization of
IGFBP-2. Treatment with TGF-Pl may have resulted in an increase in IGFBP-2
binding to the cell membrane, since IGFBP-2 has an RGD sequence enabling it
to bind (Jones 8 Clernmons 1995). Like IGFBP-5, IGFBP-2 has been shown to
have specific GAG binding sequences that allow it to bind to the extracellular
matrix. although the binding of IGFBP-2 to the extracellular matrix has not been
as widely documented.
The physiological relevance of these findings remains to

be

established. TGF-pl at concentrations comparable to those used in this study
had mitogenic and differentiative effects in the isolated chondrocytes from the
growth plate of many different species. Effects on IGFBP levels may be relevant
to the actions of this growth factor on growth plate function. The reduced gene
expression of IGFBP-2 and IGFBP-5 by the local growth factor TGF-pl in the
cartilage environment, may constitute an important level of control of the
autocrine and paracrine actions of IGF in growth plate via IGFBPs. On the other

hand, TGF-Pl may have complex effects in growth plate, and it is likely that it
has a number of actions on cartilage metabolism, which are independent of their
effects on the IGF-IGFBP axis.

3.5.6

REGULATION OF IGFBPS BY CORTISOL
This study demonstrated that cortisol differentially regulates IGFBPs in

fetal ovine chondrocyte cells. Thyroid hormones however, did not alter IGFBP

levels in three separate expenrnents. despite their interactions with IGF in the
growth plate (Ohlsson et al. 1992~).Cortisol treatment for 24 hl resulted in a
decrease in IGFBP-2 and IGFBP-5 levels in the conditioned medium of
chondrocyte monolayers to 50% of control levels. A corresponding decrease in
IGFBP-2 and IGFBP-5 stable mRNA levels was also observed. IGFBP-3 stable

mRNA levels were increased to 300% of control levels despite the lack of visible
alterations in IGFBP-3 release into the conditioned medium. The proportional
decrease in IGFBP-2 and -5 medium levels and mRNA levels suggest that the
effect of cortisol is mainly the result of decreased gene expression. The marked
inhibitory effect of cortisol on IGFBP-2 and IGFBP-5 expression in chondrocyte
cells appeared to be specific. as cortisol did not significantly alter IGFBP-4
mRNA levels.
Similar glucocorticoid-induced effects on medium IGFBP levels have
been reported in several other cell models, although generally the analogue
dexamethasone was used instead of cortisol. Dexamethasone is more potent
than cortisol which corresponds to glucocorticoid receptor-binding affinities for
these two steroids (Munch & Leung 1977). Positive and negative glucocorticoid
modulation of IGFBPs occurs in different tissues and may subserve different
autocrinelparacrine growth-related functions at various stages of development.
Glucocorticoid (GC) increases IGFBP-1 and IGFBP-6 mRNA expression in bone
cells (Conover et al. 1996; Gabbitas & Canalis 1996). Chen et al. (1991) reported
that dexamethasone decreased levels of ail detectable IGFBPs (IGFBP-2, -3,
and -4) in rat osteoblastic cells. Dexamethasone treatment of hurnan fibroblasts
resulted in decreased medium levels of IGFBP-3, IGFBP-4, and IGFBP-5
(Conover et al. 1989; Camacho-Hubner et al. 1992). Whether the GC-induced
decreases in IGFBP levels in these other systems are associated with regulation
of gene expression remains to be clarified. Okazaki et al. (1994) demonstrated
that GC treatment in human osteoblasts resulted in decreases in steady state

mRNA levels for IGFBP-3, IGFBP-4 and IGFBP-5 with proportional decreases in

IGFBP-3, IGFBP-4 and IGFBP-5 protein levels in the CM. Gabbitas et al. (1996)
dernonstrated in osteoblast cells from fetal rat calvariae (Ob Cells), that cortisol
at 1pM for 24h, decreased IGFBP-5 polypeptide levels in the extracellular matrix
and IGFBP-5 mRNA levels by 50% compared to control levels. IGFBP-5 in the
CM of these cells was very low. therefore cortisol effects were impractical to
detect. The authors found that cortisol did not modify the decay of IGFBP-5
mRNA in transcriptionally arrested Ob cells. Cortisol decreased IGFBP-5 hnRNA,
the rate of IGFBP-5 transcription, and the activity of the murine IGFBP-5
promoter by 35% in transient transfection experiments.
In contrast to the inhibitory effects of cortisol treatment on IGFBP-2
and IGFBP-5 protein and stable mRNA levels, cortisol increased IGFBP-3
expression

in

chondrocyte

monolayers.

Regulation

of

IGFBP-3

by

dexamethasone has been studied in vivo in both adult rats and man. Luo &
Murphy (1990) reported increases in rat serum IGFBP-3 and hepatic IGFBP-3
expression after a single dose of dexarnethasone. In human volunteers, Miell et

al. (1993) reported a slight increase in serum IGFBP-3 levels after 4 days of
dexamethasone treatment. whereas Bang et al. (1993) reported elevated
immunoreactive IGFBP-3 levels in patients with Cushing's syndrome. In the
present study an increase in IGFBP-3 in the conditioned medium was not
consistantly obsewed despite a dramatic increase in IGFBP-3 stable mRNA
levels. A pregnancy-associated cation-independent protease has been reported
to alter IGFBP-3 in the circulation. Cortisol induced proteolytic degradation may
alter IGFBP-3 levels in the conditioned medium of chondrocytes which may
account for discrepancy between IGFBP-3 protein and stable mRNA levels.
Proteolytic activity has not been analyzed in this system.
Our studies may have implications for understanding the molecular
mechanisms involved in glucocorticoid regulation of IGFBPs. Although we have
not directly shown that cortisol affects transcription of IGFBP-2, IGFBP-3 and
IGFBP-5 mRNA and not just stability, direct negative effects of glucocorticoids on

gene transcription rates have been demonstrated for several other genes,
including the POMC and rat prolactin (PRL)(Akerblorn et al. 1988; Camper et al.
1985; Gagner & Drouin 1985). Most of the genes exarnined to date have sorne
hornology to the glucocorticoid receptor-binding sequences found in homonally
induced genes. but such negative glucocorticoid response elernents (GREs)
usually do not contain a perfect GRE consensus seqence (Beato et al. 1989).
The molecular mechanism for repression appears to involve cornpetition by
receptor-binding DNA sequences for binding of other positive rnodulating factors
such as insulin or CAMP or an essential transcription factor (Delegeane et al.
1987; Akerblom et al. 1988; Drouin et al. 1987). The suppressive effects of
glucorticoids on IGFBP-2 and IGFBP-5 production could also be indirect, through
effects on other factors, such as IGF-1, type 1 IGF receptor, insulin receptors,
and/or cytokines (Drouin et al. 1987).
Our studies have shown that GC decreases IGFBP-2 and IGFBP-5
levels, which may lead to the potentiation of IGF action. Our preliminary results
suggest that in chondrocyte cells, cortisol inhibits the IGF-I and IGF-II response
with regard to DNA synthesis (de los Rios, P and Hill DJ, unpublished
observations). Similar GC-induced inhibition of IGF action has been reported in
rabbit growth plate chondrocytes (Itagane et al. 1991), although they did not

examine IGFBP levels. Dexamethasone treatment in dams produced fetal
growth retardation and results suggested that increased expression of IGFBP-1,
and possibly IGFBP-2, is involved in mediating the marked growth retardation
(Price et al. 1992). Glucocorticoid treatrnent was able to affect IGF-I induced
changes in IGFBP expression in human and bovine fibroblasts (Conover et al.
1995). There is good evidence for intracellular cross-talk between glucocorticoid
receptors and the FosIJun family of transcription factors (Turgeon & Waring
1992), and IGF-I has been shown to stimulate c-fos expression in different cell
types (Kato et al. 1994; Li et al. 1994). We postulate that GC regulation of IGFBP

plays a role in the complex mechanisms by which GC modulates IGF action in
the growth plate.
The physiological relevance of Our findings remains to be established.
Glucocorticoid-induced narrowing of the epiphyseal growth plate attributed to
developmental arrest of the chondrocytes is observed (Silbermann et al. 1976;
Silbermann et al. 1977). Chondrocyte nurnber and size in the proliferative and
hypertrophic zones of epiphyses of adult rat (Bernick & Ershoff 1963) and
condylar cartilage of neonatal mice (Silbermann et al. 1982) is reduced following
corticosteroid

exposure.

In

vitro,

glucocorticoids,

in

near-physiological

concentrations, help maintain the chondrocytic phenotype and actually stimulate
proteoglycan synthesis (Hill 1981; ltagane et al. 1991; Kato & Gospodarowicz
1985; Takano et al. 1985). However, higher doses of glucocorticoid cause
decreased synthesis of proteoglycans relative to the optimal concentration (Hill
1981; Kato 8 Gospodarowicz 1985; Takano et al. 1985). In the sheep, delivery is
preceded by an increase in fetal plasma cortisol levels, which begins 2-3 weeks
before terni and escalates rapidly in the last 3-5 days before birth. It is during this
latter period in particular that both serum levels of IGF-II and the rate of fetal
growth deciine, and many of the important preparturn maturation events occur
that are essential for neonatal survival (Silver 1990). IGFBPs may mediate these
changes.
In summary, we have demonstrated that GC treatment in chondrocyte
cells decreases IGFBP-2 and IGFBP-5 production, mainly through inhibition at
the level of gene expression. In contrast, high dose GC increases IGFBP-3
expression in chondrocyte cells. The complexity of the effect of GC on cartilage
may in part be rnediated by differential regulation of IGFBPs that modulate local
IGF action.

3.5.7

Conclusions: TGF-Pl and Cortisol Differentially Regulate
Chondrocyte IGFBPs
This study has demonstrated that one component of the

IGF system,

the IGFBPs. are regulated by different growth factors and peptide and steroid
hormones that are expressed within or available to the developing growth plate.
Moreover, there appears to be differential effects of the various growth factors
and hormones on the regulation of chondrocyte IGFBPs, suggesting that the
observed changes in IGFBPs were specific. In order to fully understand the
interaction of these growth factors and hormones with the IGF system, their
regulation on IGF, IGF receptors and proteases as well as their localization
within different compartments of the chondrocyte cell system such as
chondrocyte cell membranes and extracellular rnatrix cornponents, will need to
be determined. In addition, studies must be done that address the issue of
integrated regulation of IGFBP production, which undoubtedly occurs in vivo. ln
vitro models are valuable for isolating regulatory components and defining their

specific cellular mechanism of action, but it is important to take into account the
interaction of multiple factors in regulating any growth process. ln vitro
combination studies are an important step toward identifying possible
interactions between growth factors and hormones in regulating IGFBP
production.
These results do however, suggest that chondrocyte cell growth may
be regulated by a complex coordinated interaction between locally produced
growth factors and those available from the circulation, in an autocrine or
paracrine rnanner. The fine-tuned control of IGF action by six distinct IGFBPs

may well be a prerequisite for the concerted action of lGFs together with other
growth factors on normal growth and developrnent.

CHAPTER 4

DISTRIBUTION AND EXPRESSION OF IGF-1, IGF-II AND
IGFBPs-1 TO -6 IN OVINE FETAL GROWTH PLATE
INTRODUCTION
The effects of IGF-I and IGF-II are not only similar but are apparently
ubiquitous in cartilage and bone cells. However, most of the actions of IGF-I and
IGF-II have been studied in cell culture. lsolated cells may not behave as they do
in vivo since cell growth in vivo is more tightly controlled and a coordinated

process involving regulation by multiple growth factors and interactions between
cells of the same and different regions exists.
The major components of the IGF system involved in generating a
biological response are the Type I and Type II IGF receptors, IGF-I and IGF-II,
and the IGF binding proteins. It is important to determine the availability of each
component in particular cells to characterize potential spatial and temporal
patterns of IGF action. In separate studies, IGFs, IGF receptors and IGFBPs
have been identified in cartilage and bone, but their localization has not been
completely characterized.
The aim of the present study was to identify a potential role for IGFs in
the development and growth of fetal sheep long bones by localizing the IGF-1,
IGF-II and IGFBPs 2-5 proteins. We also investigated the gene expression of
IGFBPs in fetal sheep bone and contrasted this expression with results obtained
from isolated chondrocytes.

4.2

METHODS

4.2.1

IGF-1, IGF-II and IGFBPs in Fetal Sheep Growth Plate

To investigate the presence of IGF-I, IGF-II and IGFBPs in the growth
plate, sections were analyzed by imrnunohistochernistry as described in Chapter
2 section 2.3.

4.2.2

Antibodies
All antibodies have been developed for use in sheep. Anti-human IGF-

1 polyclonal antisera (rabbit) (GroPep Pty. Ltd, Australia) was used at a dilution of
1:2000. This was determined after comparing levels of imrnunostaining at series
of different dilutions. Anti-human IGF-II polyclonal antisera (rabbit) (GroPep Pty.
Ltd, Austraiia) was used at a 1:250 dilution.
AI1 IGFBPs were polyclonal antisera (rabbit) (UBI, NY) (anti-bovine

IGFBP-2, anti-recombinant human IGFBP-3, anti-human IGFBP-4 and antihuman IGFBP-5). Sections of proximal tibia from 124 to 135 days gestation were
analyzed.
The specificity of immunostaining detected by immunohistochemistry
was confirmed by a nurnber of experirnents described in Chapter 2 section 2.3.

One such experiment is pre-adsorption of the primary Ab with excess peptide.
For IGF-I and IGF-II, 10 pg of IGF-I and IGF-II peptide (GroPep) were each
incubated separately with 1:2000 and 1:250 dilution of IGF-I and IGF-II Ab
respectively overnight at 4 OC,the mixture was then centrifuged for 30 min at
13,000 x g. The supernatant was collected and applied to the sections and the
procedure for immunohistochemistry described in Chapter 2 was followed. Preabsorptions were carried out in the same rnanner for IGFBPs. 5 pg of each
IGFBP was used for incubation with each IGFBP antibody.

4.2.3

Local Production of IGFBP mRNA
The local production of IGFBP-2, -3, -4, -5 and -6 mRNA in fetal

growth plate was investigated by in situ hybridization and RT-PCR. The

IGFBP mRNA was investigated at the cellular level by in situ
hybridization. Sections of proximal tibia from 124 to 135 days gestation were

presence of

analyzed. To confirm probe integrity, sections from various sheep tissues known
to express IGFBP-2, -3, -4, -5 and -6 were included.
To confirrn results found by in situ hybridization and to determine

IGFBP RNA expression in growth plate and in primary and subcultured isolated
chondrocytes, RT-PCR was employed. Primer pairs used for RT-PCR were
derived from published human and bovine cDNA sequences and the size of the
expected PCR products are shown in Table 4-1. RNA was extracted from growth
plate of fetal sheep long bones and chondrocyte monolayers from primary
culture, subculture 1, 2 and 3. RNA was reverse-transcribed and detected by RTPCR. The identities of each amplicon were detenined by DNA sequence
analysis. P-actin amplicons representing the expected size products (243 bps)
from cDNA amplification were detected in growth plate and chondrocyte
monolayers. RT-PCR assays were repeated a minimum of three times with
growth plate and chondrocyte monolayer cultures.
4.3

4.3.1

RESULTS

IGF-I and IGF-Il in Fetal Growth Plate
It was concluded that staining for IGF-I and IGF-II was specific.

Omitting either IGF andlor secondary antibody resulted in an absence of
imrnunostaining. Similarly, replacing the primary antibody with an equivalent
dilution of non-immune serum resulted in negligible immunostaining.

Table 4.1 IGFBP PCR primer sequences

IGFBP Primer Sequences

BP-2 5'primer=S'ACTGTCACAAGCATGGCCTG

Amplicon

Amplicon

Size (bp)

identity

d 86

1OO%(ovine)

209

94.6% (bovine)

223

99.4%(ovine)

215

96.8%(human)

360

95.9%(bovine)

3'prirner=5'TCCTCCTGCTGCTCAlTGTAG
BP-3 S1prirner=5'ACTTCTCCTCTGAGTCCAAGC

3'primer=5'CGTACTTATCCACACACCAGC

BP-4 5'primer=5'CTGTGCCCCAGGGlTCCTGC
3'primer=5'TCACCCCCGTCTTCCGGTcC

BP-5 5'prirner=StGCTCAAGCCAGCCCACGCAT
3'primer=StGTCGAAGCCGTGGCACTGAA

BP-6 5'primer=5'GACGAGGCGCCTTTGCGGGC
3'primer=StGGAGGAGCGGCACTGCCGCT

Pre-absorption of the IGF-I and IGF-II antibody with excess ligand also abolished
irnrnunostaining (Figure 4.1 & 4.2). Particular cells positive for IGF-1, IGF-II and
IGFBPs were identified by their histological appearance and location within the
growth plate. The characterisitics of these cells have been described in detail in
Chapter 1.

4.3.2

Distribution of IGF-I and IGF-II
IGF-I and IGF-II were similarly located in al1 areas of bone during fetal

development (Figure 4.1 & 4.2). Overall, IGF-I and IGF-II were widely distributed
in areas of cartilage and bone. In cartilage, IGF-I and IGF-II were localized
throughout the growth plate at 124 to 140 days gestation. Staining for IGF-I and
IGF-II was also observed in bone although the specific cells that were stained
were not analyzed.
Staining was absent in the cartilage matrix in al1 bone sections
anaiyzed (Figure 4.1 & 4.2). Within cells, staining was localized to either the
cytoplasm or nucleus in some cells or to both the nucleus and the cytoplasrn in
other cells.

4.3.3

Distribution of IGFBP-2, -3, -4 and -5

IGFBPs were detectable in al1 bone sections from the 124-140 days
gestation fetuses. All binding proteins were found to be similarly distributed at the
cellular level (Figure 4.3, 4.4). In general, lGFBPs were less prominent in
cartilage cornpared to bone. In cartilage. IGFBPs were confined to particular
cells within specific zones. Staining was observed at the cartilage-bone
interphase, the metaphysis.

Figure 4.1. lrnrnunocytochemical distribution of IGF-I in longitudinal sections of

ovine fetal growth plate at 140 days gestation. Immunoreactive IGF-Il indicated
by the brown stain, was seen in cells throughout the growth plate (left panel).
Pre-incubation of the primary antiserurn with 10 pg of IGF-I before incubation on

the section completely blocked staining, demonstrating specificity (right panel).

The black arrows indicate cells with immunopositive staining within each zone of
the growth plate including the germinal zone (GZ), zone of maturation (MZ) and
hypertrophie zone (HZ). These zones were described in Chapter 1. White arrows
indicate cells within a zone that are not stained. The white arrows are included in

zones in which cells within the same column are imrnunopositive and
immunonegative. The vertical bar represents 100 Fm.

Figure 4.2. lrnrnunocytochemical distribution of IGF-II in longitudinal sections of
ovine fetal growth plate at 140 days gestation. Staining (visualized by the brown
colour) for IGF-II is seen in chondrocytes throughout the growth plate, with the
exception of some cells in the hypertrophic zone (HZ) (left panel). Pre-incubation
of the prirnary antiserurn with 10 pg of IGF-II before incubation on the section

.

completely blocked staining demonstrating specificity (right panel). The black
arrows indicate cells with irnmunopositive staining within each zone of the growth
plate including the germinal zone (GZ), zone of maturation (MZ) and
hypertrophic zone (HZ). These zones were described in Chapter 1. White arrows
indicate cells within a zone that are not stained. The white arrows are included in
zones in which cells within the same column are immunopositive and
immunonegative. The vertical bar represents 100 Fm.

Figure 4.3.

lmmunocytochemical distribution of IGFBP-2 and IGFBP-3 in

longitudinal sections of ovine fetal growth plate at 124 days gestation. Positive
immunostaining appears as a brown stain. The black arrows indicate cells
specific to each zone including the germinal zone (GZ), the proliferative zone
(PZ), the zone of maturation (MZ), the hypertrophic zone (HZ) and the
rnetaphasis (MET). Immunopositive staining is mostly visualized in the GZ, PZ

and the HZ. IGFBP-2 and IGFBP-3 are largely absent in the zone of maturation.
The white arrows in the hypertrophic zone indicate the absence of staining in the
hyptertrophic cells near the rnetaphysis. The vertical bar represents 100 Fm.
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Figure 4.4. Immunocytochernical distribution of IGFBP4 and IGFBP-5 in
longitudinal sections of ovine fetal growth plate at 124 days gestation. Positive
immunostaining appears as a brown stain. The black arrows indicate cells
specific to each zone including the germinal zone (GZ), the proliferative zone
(PZ), the zone of maturation (MZ). the hypertrophie zone (HZ) and the

metaphasis (MET). The white arrows indicate cells that are imrnunonegative in
the same zone where immunopositive cells can be detected as seen in the PZ
and the HZ. The vertical bar represents 100 Fm.
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Each antibody was specific for their respective IGFBP as shown by
pre-absorption of the IGFBP-2 and IGFBP-5 antibodies with their respective
ligand, indicating that immunostaining was specific (Figure 4.5).
lmmunostaining in cartilage was exclusively localized to cells and not
to the cartilage matrix (Figure 4.3 & 4.4). Staining was localized within cells in
each zone of the growth plate. Wthin cells in the growth plate, a similar
distribution of staining for al1 IGFBPs was found (Figure 4.3 & 4.4). IGFBPs were
largely localized to the hypertrophic and reserve or germinal cartilage zones, with
most chondrocytes staining positively in these areas. The last layer of
hypertrophic cells adjacent to the metaphysis was not stained for IGFBP-2, -3. 4
and -5. Chondrocytes in the maturation zone displayed very little staining for any
IGFBP. Staining was only occasionally observed in a single chondrocyte within a
column of chondrocytes.

4.3.4

Local Production of IGFBP-2, -3, -4, -5 and -6
IGFBP-2, -3. -4, -5 and -6 mRNA could not be detected in the growth

plate by in situ hybridization using ovine IGFBP probes. Results for IGFBP-3 and
IGFBP-6 are demonstrated in Figures 4.6 and 4.7. The integrity of the IGFBP
probes were confirmed by their ability to bind IGFBP mRNA in adult sheep liver
and fetal sheep kidney and stornach. The integrity of IGFBP-3 probe was
confirmed by its ability to bind IGFBP-3 mRNA in fetal sheep kidney (Figure 4.6
[A]). The pattern of hybridization in this positive tissue agrees with that which has
been previously reported (Delhanty 8 Han 1995). Similarly, the integrity of the
IGFBP-6 probe was confirmed by its ability to bind specifically to fetal sheep
stomach (Figure 4.7[A]). The pattern of hybridization observed in this positive
tissue was sirnilar to that which was previously reported (Ito et al. 1995).

Figure 4.5. Growth plate sections from the proximal tibia of a 124 day gestation
ovine fetus. Sections were incubated with IGFBP antisera preabsorbed with 5pg
of IGFBP-2 or IGFBP-5 peptide as indicated. The absence or reduction of
imrnunopositve staining (brown stain) demonstrated that the IGFBP-2 and

IGFBP-5 antisera were specific. Similar results were obtained with IGFBP-3 and

IGFBP-4. Sections incubated with IGFBP-5 preadsorbed antisera were included
to demonstrate that some residual staining was observed in the germinal zone

(GZ) and hypertrophic zone (HZ) of the growth plate and the metaphysis. MZ
represents the zone of maturation. Photographs are orientated in the longitudinal
plane (a view through the epiphyseal growth plate). The vertical bar represents
100 Pm.

Figure 4.6. Bright field photomicrographs of sections of ovine fetal kidney (A, D)

and growth plate at 140 days gestation (B, C) analyzed for IGFBP-3 mRNA by in

situ hybndization using a specific [35S]IGFBP-3cRNA probe. Analysis of ovine
kidney by in situ hybridization serves as a control to dernonstrate the integrity of
the IGFBP-3 probe by its ability to bind to IGFBP-3 mRNA in ovine kidney.
IGFBP-3 was not detected in growth plate by in situ hybridization. Sections of
growth plate hybridized with a sense probe (E, F), have negligible hybridization
for IGFBP-3 and are not visually different from hybridization with an antisense
probe (B. C) in both the zone of maturation (BI E) and the hypertrophie zone (C,

F). Kidney sections hybridized with a sense probe (D) demonstrate sorne nonspecific hybridization, but hybridization is negligible compared to results obtained
with IGFBP-3 antisense probe (indicated by the black arrow). The vertical bar
represents 100 Pm.

Figure 4.7. Bright field photomicrographs of longitudinal sections of ovine fetal
stornach (A, D) and ovine fetal growth plate (6, C, El F) at 124 days gestation
analyzed for lGFBP-6 mRNA by in situ hybridization using a specific [35S]IGFBP6 cRNA probe. (A) dernonstrates specific hybridization (indicated by the black
arrow) in the ovine stomach providing support that the IGFBP-6 probe was able
to bind to IGFBP-6 mRNA. IGFBP-6 mRNA was not detected in the growth plate
using in situ hybridization since hybridization with antisense (6, C) and sense
IGFBP-6 probes

(ElF) in the germinal zone ( 9 , E) and hypertrophie zone (C, F)

on growth plate sections was similar. Stomach sections hybridized with a sense
probe (O) demonstrated non-specific binding of the IGFBP-6 probe. The vertical
bar represents 100 pm.

4.3.5

Detection of IGFBP mRNA by RT-PCR
Since IGFBP mRNA was not observed in the growth plate by in situ

hybridization, we employed the more sensitive technique of RT-PCR to
investigate two possibilities: (1) were IGFBP transcripts present in the growth
plate but at very low levels, and (2) if IGFBP transcripts were not detectable in
the growth plate in vivo when was IGFBP expression induced in chondrocyte
cultures In vitro.
P-actin amplicons representing the expected size products (243 bps)
from cDNA amplification were detected in al1 growth plate and chondrocyte
culture samples (Figure 4.8). The genomic DNA P-actin amplicon indicating DNA
contamination was not detected in RNA samples that were employed in these
studies. Figure 4.9 surnmarizes the expression pattern for IGFBP mRNA in the
growth plate and throughout chondrocyte culture from primary isolated
chondrocytes and those subcultured up to three subsequent times. IGFBP-2, -3,
-4, -5 and -6 transcripts were detected in growth plate and in isolated

chondrocytes throughout the culture interval. A weak signal for transcripts
encoding IGFBP-6 was consistently observed.
The identity of the IGFBP amplicons were confirrned by sequence
analysis comparing the ovine growth plate IGFBP amplicon sequences to
published ovine, bovine and human cDNA sequences (Table 4.1, Figure 4.10)
(Shimasaki et al. 1991 a, b; Carr et al. 1994; Moser et al. 1992; Spratt et al.
1991; Wood et al. 1988; Delhanty & Han 1992). Comparison of IGFBP-2 and
IGFBP-4 DNA products with those of published sequences (Delhanty & Han
1992; Carr et al. 1994) revealed a 100% sequence identity to the ovine IGFBP-2
sequence and 99.4% sequence identity with the ovine IGFBP-4 sequence
(Figure 4.10). The IGFBP-3 DNA product displayed a 94.6% and 82.6%
sequence identity to published bovine (Spratt et al. 1991) and human sequences

Figure 4.8. RT-PCR controls employing specific amplification of an intron
spanning region of the p-actin gene. This is a representative RT-PCR showing

lanes (L) the DNA ladder, bands from top to bottom: 396 bp, 344 bp, 298 bp,
2201201 bp and (1) positive control (bovine oviduct) and (2) a negative control
(no cDNA). Lanes (3-8) demonstrate the cDNA P-actin amplicon detected in fetal
ovine growth plate (3, 4) and cultured passage O to passage 3 chondrocyte
culture (5-8) cDNA (RT samples) from DNA digested RNA. The genomic p-actin
product of A08 bps was not detected indicating that RT samples were not
contarninated with genornic DNA.

Figure 4.9. Detection of mRNAs encoding IGFBPs in intact fetal ovine growth

plate and chondrocyte monolayers from primary culture to passage 3 by RTPCR. Lanes are (L) ladder (bands from top to bottom: 506 bp, 396bp, 344 bp.
298 bp, 220/201 bp, (1) negative control (no cDNA), (2) intact growth plate (not

cultured), (3) primary chondrocyte monolayer culture, passage 0, (4) passage 1
chondrocyte culture, (5) passage 2 chondrocyte culture, (6) passage 3
chondrocyte culture. Transcripts encoding IGFBP-2, -3, -4. -5 and -6 were
detected in growth plate and chondrocyte monolayers frorn primary cultures to
passage 3. A weak signal for transcripts encoding IGFBP-6 was consistently

observed.

Figure 4.10. Nucleotide sequences of PCR arnplicon fragments of ovine IGFBP
2-6. PCR products were amplified to verify their identity, against published

IGFBP sequences. The primers employed are in boldface.

IGFBP-2 SEQUENCE (186 bps, 100% 8 ovine)

GGAAGAATTC
GATGTCTCTG
CTGGGMGCT
CATCTCTTCT

ACTGTGACAA
AACGGGCAGC
GATCCAGGGA
ACAATGAGCA

GCATGGCCTG TACAACCTCA AACAGTGCAA
GTGGGGAGTG CTGGTGTGTG AACCCCAACA
GCCCCCACCA TCCGGGGGGA CCCCGAGTGT
GCAGGAGGAT CCTTCC

IGFBP-3 SEQUENCE (209 bps, 94.6% @ bovine, 8 2 . 6 % @ human)
ACTTCTCCTC
GAAATGGAGG
AGGGCCATCC
GCAGTGCCGC

TGAGTCCAAG
ACACACTGAA
ACATTCCCAA
CCTTCCAAGG

CATGAGACAG
CGACTCAAGT
CTGTGACAAG
GCAGGAAGCG

AATACGGGCC
TCCTGAACAC
AAGGGCTTCT
GGGTTTCTGC

CTGCCGCCGG
ACTCAGCCCC
ACAAGAAAAA
TGGTGTGTGG

ATAAGTACG

IGFBP-4 SEQUENCE (223 bps, 9 9 . 4 % @ ovine)
GGAAGAATTC
CTGGAGCGGC
CATCCCCATC
GCCACCCGGC
AAGACGGGGG

TGTGCCCCAG
TGGCCGCCTC
CCCAACTGCG
CCTGGATGGG
TGAGGATCCT

GGTTCCTGCC
ACAGAGCCGC
ACCGCAATGG
CAGCGCGGCA
TCC

AGAGTGAGNT
ACCCACGAAG
CAACTTCCAC
AGTGCTGGTG

GCACCGGGCG
ACCTTTACAT
CCCAAGCAGT
TGTGGACCGG

IGFBP-5 SEQUENCE (215 bps, 9 6 . 8 % 8 human)

GGAAGAATTC
TGCCCAACTG
TCCCGTGGCC
GAAGCTGCCA
TCGACGGATC

GCTCAAGCCA
TGACCGCAAA
GCAAGCGTGG
GGCATGGAGT
CTTCC

GCCCACGCAT
GGGTTCTACA
CATCTGCTGG
ACGTGGACGG

GGTGCCCCGC
AGAGAAAGCA
TGCGTGGACA
GGACTTTCAG

GCTGTGTACC
GTGCAAACCC
AGTATGGGAT
TGCCACGGCT

IGFBP-6 SEQUENCE (360 bps,77.2% @ human, 95.9% @ bovine)

GGAAGAATTC
GCTGCGGCCG
GCCCCAAGCA
AGAGGAACTC
GTACAAGACA
GCAGCAACTC
CTAATTGTGA
GGATCCTTCC

GACGAGGCGC
GGCGCGCACG
GGGACTGCTC
GGGGACCTCT
CTGAGATGGG
CAGACCGAGG
CCATAGGGGC

CTTTGCGGGC
CCCTCGGGAA
GCTCGCAGGA
ACCACTCCTG
TCCCTGTCGC
TCTTCCGCGG
TTCTATCGGA

GNNNNTGCAG
GAGAATCCTA
CGTGAACCGC
TCCGGCCCAA
AAACATCTGG
GTCTCATACC
AGCGGCAGTG

GCCCCGGGCC
AGGAGAGTAA
AGAGACCAAC
TTCTGGGGGC
ACTCCGTGCT
CTCTACGTGC
CCGCTCCTCC

(Wood et al. 1988) respectively. The IGFBP-5 DNA product displayed a 96.8%
sequence identity to the human published sequence (Shimasaki et al. 1991b).
The IGFBP-6 product displayed a 77.2% sequence identity to hurnan and 95.6%
identity to bovine IGFBP-6 published sequences (Figure 4.10)(Shimasaki et al.
1991a; Moser et al. 1992).

4.4

DISCUSSION

4.4.1

Localization of IGF Cornponents in Fetal Growth Plate
Overall, IGF-1, IGF-II and IGFBPs -2, -3, -4 and -5 were similarly

distributed at al1 stages of fetal development in chondrocytes from the
hypertrophic and reserve cartilage zones of the growth plate. IGF and IGFBPs
were abundant in the reserve cartilage zone. While IGFBP-2, -3, -4 and -5 were
present in most chondrocytes from the hypertrophic and reserve cartilage zones
and some chondrocytes in the proliferative zone, there was no evidence of their
respective mRNAs in any cell, suggesting that these IGFBPs were not
predominantly derived by local production in the growth plate.
The detection of IGF-I and IGF-II in the growth plate is supported by
other studies that have extracted and characterized IGF-I and IGF-II from
cartilage (Mohan et al. 1988; Kato et al. 1981; Klagsbrun 8 Smith 1980).
Although the precise localization of IGF-II has not previously been characterized,
the observed IGF-I distribution in the growth plate was similar to the pattern of
localization reported by others in the postnatal rat (Hanna et al. 1995; Lazowski
et al. 1994; Alarid et al. 1992), postnatal pig (Thorp et al. 1995a; Simon & Cooke
l988), human fetus (Hill et al. 1989) and chicken (Thorp et al. 1995b; Ralphs et
al. 1990). IGF-I and IGF-II were predominantly located in germinal, proliferative
and hypertrophic chondrocytes in the latter part of development (124-140 days
gestation), while fewer chondrocytes in the maturation zone (lower proliferative

zone) contained IGF-I or IGF-II. Other studies have found a low number of
stained cells for IGF-I in proliferating chondrocytes (Hanna et al. 1995; Thorp et
al. 1995a; Ralphs et al. 1990). However, these results contrast with the finding of
Nilsson et al. (1986) who reported the presence of IGF-I largely in the
proliferative zone of the postnatal rat growth plate.
It is possible that the level of IGF-I in the proliferative zone differs
between studies as a result of a change during development. In the present
study, growth plate from later stages of fetal development were analyzed and
IGF-I was found in most chondrocytes of the proliferative zone. In the zone of
maturation, most of the cells stained intensely in sorne columns, whereas in
other columns only a few cells were stained. Regardless of the overall number of
cells positive for IGF-1, studies report similar uneven staining between colurnns

of proliferating chondrocytes (Thorp et al. 1995a; Hanna et al. 1995; Simon &
Cooke 1988; Nilsson et al. 1986). The authors however, did not discuss the
implications of this staining pattern in relation to IGF-I action. In the present
study, adjacent chondrocytes were unable to be distinguished by their
phenotype.
In contrast to the proliferative zone, an increased number of cells
stained positively for IGF-I and IGF-II in the reserve cartilage zone. The
presence of IGF-II has not been described in resting chondrocytes, but low
variable levels of IGF-I (Thorp et al. 1995a; Lazowski et al. 1994; Ralphs et al.
1990; Hansson et al. 1988) or an absence of IGF-I has been reported for these
cells in several species (Alarid et al. 1992; Simon 8 Cooke 1988).
Cellular localization of IGF-I and IGF-II in growth plate chondrocytes
suggests that chondrocytes either synthesize and store IGFs or are the target for
the actions of IGF. Although, in the present study IGF mRNA expression was not
examined, IGF-II was found to be synthesized locally in fetal sheep growth plate,
while IGF-I mRNA was not detected (Hill et al. 1993). IGF-II mRNA was also

found to be abundant in embryonic, fetal and neonatal rat and rnouse growth
plates (Wang et al. 1995; Shinar et al. 1993). Likewise, chondrocytes grown in
cell culture from many species including ovine sheep chondrocytes (Hill & De
Sousa 1990). have been shown to release IGF-II into the media under serum
free conditions (Bhaumick 1993; Froger-Gaillard et al. 1989). In keeping with the
proposa1 that IGF-II has a major paracrine or autocrine mode of action in the
fetus (Cohick & Clemmons 1993), IGF-II mRNA and IGF-II peptide were COlocalized in the fetal growth plate. IGF-I mRNA was reported by others to be
below the level of detection in the fetal or neonatal growth plate from rats or mice
aged between 15 days gestation and 35 days postnatally (Wang et al, 1995;
Shinar et al. 1993; Streck et al. 1992; Beck et al. 1988b; Beck et al. 1987;
Nilsson et al. 1990). These results suggest that IGF-I is predominantly available
from the circulation.
The majority of matrix biosynthesis occurs in chondrocytes located in
the lower proliferative. maturing and upper hypertrophic zones in connection with
chondrocyte differentiation (Poole 199 1). Therefore, the IGF-I and IGF-II
colocalization observed in the present study suggests a rote for IGF-I and IGF-II
in protein synthesis, although localization of the IGF receptors remains to be
analyzed. Type I and Type II IGF receptors are found on microsomal membrane
preparations from the growth plate and on the membranes of chondrocytes
isolated from the growth plate of several species (Trippel et al. 1988; Jansen et
al. 1989; Ullrich et al. 1986; Trippel et al. 1983). Although binding of IGF-I and
IGF-II was higher in the proliferative and hypertrophic zones, it appears that
chondrocytes located in al1 zones of the growth plate, except in the lower most
layer of the hypertrophic zone, are capable of producing Type I and Type II IGF
receptors (Wang et al. 1995).

In vitro studies have demonstrated that IGF-I and IGF-II stimulate total
protein production in chondrocytes and also individually stimulate collagen,
proteoglycan and non-matrix protein synthesis (Trippel et al. 1993; Hill et al.

199213; Ohlsson et al. 1992a; Hill & Han 1991; Hill 1979; McQuillan et al. 1986).
Hunziker et al. (1994) demonstrated that IGF-I treatment in vivo increases
hypertrophic cell volume, cell height, rnatrix production per unit of time and the
duration of time chondrocytes spend in the hypertrophic zone, but has no effect
on matrix volume per cell in hypophysectomized rats. In the same study, sirnilar
effects for IGF-1 were observed on chondrocytes from proliferative and reserve
cartilage zones suggesting IGF-1 is able to influence chondrocytes at al1 stages
of differentiation (Hunziker et al. 1994). In my study, IGF-I and IGF-II were
localized throughout the growth plate suggesting that actions within the
proliferative and reserve cartilage zones of fetal growth plates are possible. IGF-I
and IGF-II have stimulatory effects on cell proliferation in vitro (Hill & Logan
1W2a; Vetter et al. 1986; Ohlsson et al. 1992a; Schiltz et al. 1993; Maor et al.

1993a; Maor et al. 1993b). These actions may be directed or may be rnediated
by other factors, such as bFGF and TGFP produced locally within the growth
plate and known to interact with the lGFs in vitro (Hill & Logan 1992a; Hill et al.
1W2b; Trippel et al. 1993; Hill & Han 1991).

The actions of IGF-1 and IGF-II are modulated by IGF binding proteins
(Jones & Clemmons 1995). Of the six known IGFBPs, five are believed to be
located in chondrocytes from various species (Sunic et al. 1995; Doré et al.
1994; Bhaumick 1993; Olney et al. 1993; Froger-Gaillard et al. 1989). However

their localization in the growth plate is not defined. In the present study IGFBP-2,
IGFBP-3, IGFBP-4 and IGFBP-5 were al1 CO-localizedin a similar pattern to IGF-I
and IGF-II. This contrasts with findings in the human fetus where an absence of
IGFBP-3 and -4 in the growth plate has been reported (Braulke et al. 1996). Hill

& Clemmons (1992) reported that IGFBPs -1 and -2 were localized to the human
fetal growth plate. IGFBP-1 and IGFBP-2 were observed in ct~ondrocytecell
bodies with no positve staining in the cartilage matrix. Chondrocytes from both
proliferative and hypertrophic zones of the growth plate contained these IGFBPs.
The presence of more than one IGFBP at a particular location suggests a

cornplex control system for IGF-I and IGF-II exists in the growth plate. Specific
IGFBPs are present in different forms, have differential affinities for IGF-I and
IGF-II and are stimulatory or inhibitory to IGF-I and IGF-II depending on the
particular tissue and stage in developrnent (Jones & Clemmons 1995; Bach et al.
1993; Drop et al. 1992). Although few studies have investigated the specific
actions of IGFBPs in cartilage, IGFBP-2 can inhibit and potentiate IGF-II action
and IGFBP-3, IGFBP-4 and IGFBP-5 inhibit IGF action in isolated fetal sheep
chondrocytes (Chapter 3). Schiltz et al. (1993) has shown that in chick pelvic
cartilage in vitro, IGFBP4 also inhibits the ability of IGF-I to stimulate
chondrocyte cell replication.
Staining for ail the IGFBPs was found exclusively over cells in the
growth plate. Evidence suggests that IGF-I, IGF-II and IGFBPs are al1 capable of
binding to proteins in the extracellular matrix (Jones & Clemmons 1995;
Hodgkinson et al.

1995; Hodgkinson et al. 1994; Jones et al. 1993).

Furthemore, IGF-I has been localized specifically to collagen within bone matrix
(Slater et al. 1994). It is therefore a little surprising that this and other studies
have failed to locate IGF-1, IGF-II or IGFBPs in the extracellular matrix by
immunohistochemistry (Middleton & Tyler 7992;Hansson et al. 1988; Nilsson et
al. 1986).A failure to detect particular IGF or IGFBPs by immunohistochemistry
could be due to the antibody binding sites being masked by IGF binding to
IGFBPs and matrix components or IGFBPs binding to IGF and matrix
components. Further studies are required to confirm the presence of IGF
components in cartilage extracellular matrix.

4.4.2

IGFBP Expression in the Fetal Growth Plate
There waç no evidence of local production of IGFBP-2, -3, -4, -5 and -

6 in fetal growth plates using in situ hybridization analysis. Similarily, other

studies have failed to find any significant or widespread localization of mRNA for

IGFBPs 1 to 6 in rat and mouse growth plates from the prenatal period (Wang et
al. 1995; Cerro et al. 1993). Wang et al. (1995) found only very low levels of
IGFBP-5 and IGFBP-6 mRNA in the reserve cartilage zone of growth plates. This
contrasts with our finding in Chapter 3 and other in vitro cell culture studies which
have reported the presence of many different IGFBPs in serum free media in
chondrocytes cultured from articular, limb bud and growth plate cartilage (Sunic
et al. 1995; Bhaumick 1993; Froger-Gaillard et al. 1989). It is unclear why in vitro
and in vivo studies differ. Chondrocytes may be able to produce IGFBPs in vitro
but not in vivo because the necessary controls to inhibit expression are lacking in
vitro. Further investigation is required to test this possibility.

IGFBPs 2

- 6 mRNA was detected within the growth plate using RT-

PCR. Although growth plates were microdissected from fetal bones, bone and
blood vesse1 contamination may have occurred. The sensitivity of

RT-PCR

unfortunately, would allow minor contamination from tissues other than growth
plate to be detected. Although IGFBPs may not be specifically localized within
chondrocytes of the growth plate, detection of IGFBP transcripts in the region of
the growth plate suggests that IGFBPs may be available to the growth plate.
The endocrine role of IGFBPs in the growth plate is unknown. But an
endocrine role for IGF-I and IGFBPs in fetal growth has been reported. In fetal

sheep, the levels of circulating IGF-I and circulating IGFBP-3 and IGFBP-4
correlated positively with fetal weight (Carr et al. 1995). Although Carr et al.
(1995) did not investigate bone weight or size, it is possible that this correlation
also holds for long bone growth which would provide indirect evidence for an
endocrine role for IGFBPs in this tissue in the fetus. In the hurnan fetus, an
inverse correlation between fetal levels of IGFBP-1 and birthweight was found ,
and IGF-I levels were directly related to birthweight (Chard 1994). Another study
found that in fetal cord serum (FCS) of large for gestational age (LGA) human
fetuses and FCS from intrauterine growth retardation (IUGR) fetuses, the levels

of IGF-I and IGFBP-3 were elevated in LGA FCS and both were decreased in
IUGR FCS (Giudice et al. 1995).
IGFBPs present in the circulation may enter two main areas of the
bone that reflect the independent blood supply for the epiphysis and
metaphysiddiaphysis (Levene 1964). Blood supply to the diaphysis and
rnetaphysis is carried by vessels found in the periosteum. This would allow
lGFBPs to be localized in the lower hypertrophie zone and in the proliferative

zones of the growth plate where branches of these vascular supplies are found.
Although immunoreactivity for IGFBPs was seen in these zones of the growth
plate, it has not been demonstrated that the chondrocytes within these zones
represent target cells for the direct endocrine actions of IGFBPs. It could be
argued that IGFBPs were present in these areas of the growth plate as a result
of the particular capillary architecture at these locations, which suggests little
selectivity in transcapillary transport. The points at which IGFBPs may exit the
circulation are most likely characterized by capillary walls in the growth plate
circulation that are fenestrated and frequently discontinuous in al1 species
studied (Rodriguez et al. 1985; Howlett et al. 1984; Howlett 1980; Wilsman &
Van Sickle 1971). It is therefore likely that al1 of the circulating forms of IGF-I are
able to exit the circulation in these areas, regardless of the size of the IGFBP it is
complexed with. A recent study found that infusion into the artery supplying the
intestine in lambs of variant IGF-I species with different affinities for the 40-50
kDa binding complexes results in a similar net transfer of IGF-I from blood into
tissue indicating that the association of IGF-I with these binding proteins does
not effect the transfer of IGF-I out of the circulation (Lord et al. 1994). Similarly,
perfusion of IGFBP-1, -2, -3 or -4 in isolated beating hearts results in
transcapillary movement of each IGFBP into connective tissue and cardiac
muscle fibers within 1 minute of administration. suggesting that the IGFBPs are
readily available to cross the capillary boundary (Boes et al. 1992; Bar et al.
1990).

Cells located in the lower hypertrophic zone and upper metaphysis can
al1 potentially localize IGFBPs and respond to their actions. The area at the
boundary between the growth plate and bone is characterized by cartilage
calcification,

bone

formation,

cartilage

degradation

and

angiogenesis.

Vasculature at the boundary between the growth plate and the metaphysis is
characterized by capillary loops that lie parallel to the plane of bone growth.
Vascular canals are reported to not only play a role in nutrient delivery to the
growth plate, but mesenchyrnal cells located in the connective tissue may serve
as a stem cell population for interstitial growth within the growth plate (Wïlsman &
Van Sickle 1971). Wang et al. (1995) found IGFBP-3 mRNA localized in
sprouting capillaries invading the perichondrium and periosteum throughout
murine bone develpment. Various forms of al1 six IGFBPs are either produced by
or detected in serum free media of a range of bone cell lines (Birnbaum & Wren
1994; Okazaki et al. 1994; Hassager et al. 1992). IGFBPs -2, -4, -5 and -6 are
expressed in fetal murine osteoblasts in the zones of endochondral ossification

in vivo (Wang et al. 1995). Therefore, bone may be a source of IGFBPs for the
growth plate. The local expression of IGFBPs was not analyzed in bone cells.
Some studies have shown that IGF-I complexed to IGFBPs would be
unable to penetrate into those zones of the growth plate in vivo where maximal
chondrocyte proliferation and matrix production occur. Schneiderman et al
(1995a) found that IGF-I complexed to IGF binding proteins and to a lesser
extent 'free'IGF-I are largely excluded from entering normal articular cartilage
due to the barrier posed by glycosaminoglycans in the extracellular matrix
(Maroudas 1976).
In osteoarthritis, there is an apparent increase in the permeability of
the rnatrix in articular cartilage as a result of a change in the composition of
proteoglycans (Schneiderman et al. 1995b). In normal articular cartilage, both
the level of IGF-I complexes able to penetrate into the cartilage and the levels of
extractable IGF-1 is likely to be far below that which is required to generate a

minimal biological response in chondrocytes (Schneiderman et al. 1995b; Luyten
et al. 1988; D'Ercole et al. 1984). It is postulated that IGF-1 reaches a level that is
biologically important in osteoarthritis as a result of an increase in the
permeability of the cartilage matrix to allow IGF-1 circulating in its bound form to
enter articular cartilage from the synovial fluid (Schneiderman et al. 1995b).
However. Luyten et al. (1988) observed that cartilage from newborn and very
young calf cartilage explants contained 10 times more IGF-1 than that reported in
adult articular cartilage by Schneiderman et al. (1995b). Young cartilage is
anatomically different than adult cartilage. one difference being that GAG
concentration is lower in calf cartilage than in the adult human tissue (Tesch et
al. 1992). Hence, it may allow a greater penetration of IGF-I or even its
complexes than human adult tissue. This might be the case for fetal growth plate
cartilage although similar studies to those mentioned above have not been done
in growth plate cartilage in the fetus or adult. Growth plate cartilage matrix is
organized quite differently than that in articular cartilage, one difference being its
arrangement in a longitudinal plane.

4.4. 3.

Conclusions

In the growth plate. IGF-I and IGF-II were colocalized with IGFBPs-2,
-3. -4 and -5. This suggests a role for IGFs in fetal growth and that IGFBPs may

be required for the coordination and regulation of IGF activity. IGFBPs were
available to those areas where IGF-I and IGF-II were found, and therefore they
have potential to participate in the modulation of IGF actions during fetal bone
development as we have shown in vitro growth plate chondrocytes (Chapter 3).
The components of the IGF system appear to be similar both in vivo and in vitro.
IGFBPs are not predominantly derived from local production in the in
vivo growth plate despite abundant expression in vitro. IGFBP mRNAs were not
detected using in situ hybridization, but IGFBPs were localized within the growth

plate using the sensitive technique of RT-PCR, suggesting that IGFBPs are
available to the growth plate, although the source is not clear from these studies.

CHAPTER 5
GENERAL DISCUSSION
5.1

SUMMARY
The overall objective of this study was to characterize the expression

of IGFBP rnRNAs and polypeptides in cultured fetal ovine growth plate
chondrocytes and in the in vivo growth plate. The results were extended to
include an analysis of the regulation of IGFBPs in isolated chondrocytes by IGFs
thernselves, in addition to other growth factors and hormones shown to be
important regulators of skeletal growth in the fetus. The modulation of IGFstirnulated growth by IGFBPs was also investigated.

The major findings of the work presented in this thesis can be summarized as
follows:
Isolated fetal ovine growth plate chondrocytes release IGFBPs 2-5 and
perhaps IGFBP-6. They express transcripts encoding IGFBPs 2-6 as shown
by Northern blot and RT-PCR analysis. The IGFBPs were expressed and

released throughout the culture period from primary chondrocytes to passage
six chondrocytes.
Chondrocyte IGFBPs are regulated by IGF-1, IGF-II and insulin. IGF-Il IGF-II,

and insulin increased IGFBP-3 protein and stable mRNA levels in isolated
chondrocytes. lGFs increased IGFBP-5 protein levels in chondrocyte
conditioned medium but did not increase IGFBP-5 stable mRNA throughout
the time course examined. Although the mechanisms of this regulation were
not investigated, the present study demonstrates the possibility that
regulation for specific IGFBPs may occur at a post-transcriptional level.

Chondrocyte IGFBPs were also differentially regulated by TGF-Pl and
cortisol. Cortisol decreased IGFBP-2 and IGFBP-5 protein levels in
conditioned medium and decreased IGFBP-2 and IGFBP-5 stable mRNA
levels. In contrast, cortisol stimulated IGFBP-3 stable mRNA. TGF-pl
stirnulated IGFBP-3 protein and stable mRNA levels. IGFBP-2 stable mRNA
levels were increased and IGFBP-5 stable mRNA levels were decreased
after 24 h treatment with TGF-Pl. Changes in IGFBP-2 and IGFBP-5 protein
levels in the conditioned medium were not consistently detected. Results
suggest that lGFBP regulation by TGF-pl and cortisol is partially regulated at
the mRNA level.
Exogenous addition of IGFBP-2, IGFBP-3, IGFBP-4 and IGFBP-5 rnodulated

IGF-II action in isolated growth plate chondrocytes. The IGFBPs were not
shown to have IGF independent effects. IGFBP-2 potentiated IGF-IIstimulated DNA synthesis at low molar concentrations compared to IGF-II.
IGFBP-3, IGFBP-4 and IGFBP-5 inhibited IGF-Il-stirnulated DNA synthesis at
equimolar or higher concentrations compared to IGF-II.
In the ovine fetal growth plate, IGFBP-2, -3, 4 and -5 were CO-localizedwith
IGF-I and IGF-II, but evidence suggests that IGFBP-2, -3, -4, -5 and -6 are
not predominantly derived from local production. IGFBPs 2-5 were localized
in specific regions rnainly in the reserve, proliferative and hypertrophic zones
of the in vivo growth plate although IGFBP transcripts were not detected
using in situ hybridization. Transcripts encoding IGFBPs 2-6 were detected in
growth plate using the more sensitive technique, RT-PCR. These transcripts

may represent synthesis in bone or the vasculature.

5.2

CONCLUSIONS
The regulation of IGFBPs by their endogenous ligands (IGFs)

suggests that chondrocytes regulate the level of IGFBPs to maintain an

equilibrium between lGFs and IGFBPs required for homeostasis with in this
tissue system. The presence of increased IGF levels in the extracellular milieu
would result in the increased activation of IGFBP genes and an increase in the
production and secretion of IGFBPs. The increased levels of IGFBPs would
sequester excess IGFs and thus modulate their biological activity upon the cells.
This feedback mechanism would be important in maintaining cellular
homeostasis and regulated growth which is a crucial component of the
developmental process.
Skeletal growth is the result of a balance between cell division and
maturation by the chondrocytes of the epiphyseal growth plate. The complexity
of this process predicts regulatory mechanisms more complex than stimulation
by individual growth factors. In the present study we demonstrated that IGF
action in the growth plate is modulated by at least four different IGFBPs, IGFBP-

2, -3, -4 and -5, and each IGFBP is in turn regulated by multiple growth factors
and hormones. IGFBP-3 for example is increased by IGF-1, IGF-II, insulin,
cortisol and TGF-PI . IGFBP-3 was shown to decrease IGF-Il-stimulated #NA
synthesis, suggesting that IGFs as well as other local growth factors and
systemic hormones modulate IGF action and availability within the growth plate.
IGFBP-5 is also regulated by multiple factors and the mechanism of its regulation
is specific to the regulating factor. IGF-I and IGF-II dramatically increased
IGFBP-5 protein levels in the conditioned medium but this effect was not seen at
the transcriptional level. In contrast, cortisol decreased IGFBP-5 protein levels in
the CM and corresponding decreases were observed in the stable rnRNA levels.

The cornplexity of the regulation of specific IGFBPs by different factors may be
explained by differences in the translatability of each IGFBP mRNAs or other
posttranslational mechanisms such as intracellular transport, post-translational
modification, and secretion. Together, the findings that IGFBPs rnodulate IGF
actions either positively or negatively and that the production of IGFBPs is
regulated by various physiological agents support the hypothesis that the

balance between the stimulatory and inhibitory classes of IGFBPs will determine
the degree and extent of IGF-induced cellular responses in target tissues such
as growth plate.
The IGF system in vivo appears to be very cornplex, with the presence
of IGF-1, IGF-II and IGFBP peptides in rnany areas of the growth plate.
C hondrocytes located in the proliferative and hypertrophic zones are the likely

targets of IGF-I and -II effects in fetal sheep growth plates, in support of some of
the actions observed for IGFs on chondrocytes in vitro. Hill et al. (1992a), Hill &
De Sousa (1990) and Luyten et al. (1988), demonstrated stimulatory effects for
lGFs on DNA and protein synthesis in chondrocytes derived from fetal growth
plates, and from newborn articular cartilage.
IGFBPs are likely to be required for the coordination and regulation of
IGF activity, to achieve maximal stimulation. In the present study, IGFBPs -2, -3,
-4 and -5 were detected mainly in reserve, proferative and hypertrophic
chondrocytes in the growth plate. IGFBPs were available in those areas where
lGFs were found in the ovine fetal growth plate, and therefore they have
potential to participate in the modulation of IGF actions during fetal bone
development.
This research contributes to the understanding of paracrine and
endocrine factors which together regulate musculo-skeletal growth and
maturation in the fetus. The long terni objective of this research is to understand
the molecular and cellular basis of musculo-skeletal growth retardation in utero
and attempt to prevent or reverse it.

5.3

FUTURE STUDIES
To fully characterize the regulation of chondrocyte IGFBPs, add itional

levels of regulation need to be examined including, the mechanisms of IGFBP

secretion, release of cell surface associated IGFBPs, IGFBPs in the extracellular
matrix and stability of IGFBPs in the conditioned media. In addition, a tirnecourse of the changes in IGFBPs at the protein and mRNA level after treatment
with growth factors and hormones is required to determine if discrepancies
between IGFBP protein levels and stable mRNA are time-course dependent. It is
also necessary to determine whether the changes in stable lGFBP mRNA levels
reflect an increase in rate of transcription or an increase in mRNA stability to
more completely understand the mechanisms involved in the regulation of
chondrocyte IGFBPs.
To fully understand the interaction of TGFP, bFGF, cortisol, insulin, T,
and T, with the IGF system, their regulation of IGFs, IGF receptors and IGFdependent proteases will need to be determined. lt will also be very important to
investigate the interactive effects of these growth factors and hormones on the

IGF systern. Many studies in other culture systems exist that demonstrate
regulation of different IGF components by interactions between combinations of
growth factors and hormones.
The role of IGFBPs in growth plate chondrocytes require further
characterizâtion. We have examined the effect of IGFBPs coincubated with IGFII on DNA synthesis, it would be interesting to determine the effect of
preincubation with IGFBPs and to examine the effects of IGFBPs on
differentiative functions such as glycosaminoglycan and collagen synthesis.
lnstead of adding IGFBPs exogenously, it may be interesting to investigate the
effects of stably transfecting chondrocyte monolayers with vectors containing
native and structurally mutated cDNAs encoding ovine IGFBPs. The effects of an
increased expression of these peptides on chondrocyte growth and function in
response to exogenous IGF-I and IGF-II could be examined, as well as their
ability to progress to terminal differentiation.

Since IGFBPs were not predominantly derived from local production in
the in vivo growth plate at the gestational ages examined despite abundant
protein, it is necessary to detemine whether endocrine IGF-complexes are
available to different areas of the fetal growth plate. Labelled IGF couid be
infused into the circulation of fetal sheep in utero and the localization of labeiled
IGF analyzed in epiphyseal growth plates.
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