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Abstract

The observation that fibroblast growth factor (FGF) is present in bone matrix,

led to our proposal that FGF acts as a paracrine or autocrine growth factor for

osteoblasts. To obtain evidence in support of this proposal we grew bovine bone cells

in explant culture and tested the subcultured cells for their ability to produce and

respond to FGF. The cells expressed phenotypic traits of osteoblasts, including high

alkaline phosphatase activity, parathyroid hormone-responsive adenylate cyclase

activity, and synthesis of the skeletal extracellular matrix protein, osteocalcin (bone

gla protein).

The bone cells expressed transcripts that hybridized with basic FGF (bFGF) gene

probes. Extracts of bone cells contained proteins with bfGF-like and acidic FGF

(aFGF)-like immunoreactivity. The bone cell-derived bfGF was identified on the

basis of its affinity for heparin-Sepharose, its bioactivity, and immunoreactivity.

Basic FGF altered both the rate of proliferation and the expression of the osteoblast

phenotype by bone cells. Bone cells proliferated in response to both bFGF (EC50=

60pg/ml) and aFGF (EC50= 2ng/ml). Transforming growth factor-B, another growth

factor present in bone matrix in vivo, potentiated these effects. bFGF stimulated the

production of osteocalcin and these effects were synergistic with those of 1,25

dihydroxy VitaminD3 (1,25(OH)2D3) and ascorbic acid. In contrast, bFGF reduced

alkaline phosphatase and parathyroid hormone-stimulated adenylate cyclase activity of

bone cells. Our results support the proposal that cells of the osteoblast lineage are both

target cells for FGF and produce FGF.

The bone cells produced an extracellular matrix (BnC-ECM) that possessed both

mitogenic and morphogenic properties. The mitogenic activity of the BnC-ECM for



vascular endothelial cells was eliminated by pre-incubation of the BnC-ECM with

anti-bFGF antibodies, showing that bone cell derived-bfGF was sequestered in the

extracellular matrix. The Bn(X-ECM also increased the Concentration of osteocalcin in

the media of cultures exposed to bFGF, ascorbic acid, or 1,25(OH)2D3. These results

are consistent with the proposal that bFGF may function as an autocrine or paracrine

growth factor for osteoblasts via its deposition into the extracellular matrix of bone.
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I. Introduction

The physiological functions of bone are to provide structural support and to

participate in mineral homeostasis. The formation of new bone is required throughout

life for development, growth, remodelling and fracture repair. These processes

demand the control of bone formation at a local, as well as systemic, level. The

mechanisms underlying the local control of bone formation are not well understood.

The proposal of this thesis is that fibroblast growth factor (FGF) acts as a paracrine

or autocrine growth factor for osteoblasts in culture.

A. Background

1. Bone Formation

a) Description of the process

Areas of the skeleton actively involved in new bone formation share common

histological features, despite the fact that at different sites, bone appears

macroscopically quite diverse (69). Sites of bone formation are adjacent to a blood

supply. Osteoblasts are plump, polygonal or cuboidal cells found lining newly formed

osteoid. Osteoblasts frequently possess eccentric nuclei with obvious nucleoli and a

prominant Golgi apparatus. Osteoblasts engaged in active bone formation

characteristically contain granules which stain positively for alkaline phosphatase

activity. Alkaline phosphatase is thought to regulate the local ion concentration and

thus participate in the process of mineralization (17,69).

The process of bone formation involves two discrete stages. During the first

stage, components of the extracellular matrix are synthesized by the mature osteoblast

and secreted from the cell. This organic matrix, the osteoid, is composed of both

collagenous and non-collagenous proteins (40,41,54). During the second stage of

bone formation, the extracellular matrix mineralizes. Mineralization of the matrix



occurs at a distance from the surface of the cell, leaving the osteoid border

unmineralized. Despite this physical distance, the osteoblast is thought to control

mineralization both by producing the calcified matrix and by regulating the flux of

minerals between blood and bone (17).

Mineralization of the matrix proceeds, first with the deposition of amorphous

calcium phosphate. Hydroxyapatite crystallization follows. The mature

hydroxyapatite crystal possesses a characteristic composition, (Ca10(PO4)6(OH)2)

(17,69). The osteoblasts maintain contacts with one another as osteoid production and

mineralization proceed, until the cells become entrapped in their own matrix,

becoming identified thereafter as osteocytes.

b. Organic elements of bone matrix

The organic components of bone matrix consist predominantly of type I collagen.

However, other collagen isoforms are detected in bone. The interstitial mesenchyme

between bone spicules in intramembranous bone stains positively for type Ill collagen

(139). Small amounts of type V collagen are also detected in skeletal tissue (22) and

may be constituents of the vascular subendothelial basement membrane.

The formation and deposition of collagen, both in skeletal and non-skeletal tissue,

depends on adequate dietary ascorbic acid intake (90). During severe ascorbic acid

deficiency (scurvy), osteoid formation essentially ceases (19). Trabeculae are thin

and collapse under normal weightbearing loads. This failure of bone formation is

thought to be due, at least in part, to the influence of ascorbic acid on collagen

deposition. Ascorbic acid is a cofactor for the enzymes prolyl hydroxylase and lysyl

hydroxylase (reviewed in 36). Underhydroxylated collagen is thought to be

inefficiently secreted from cells (80), leading to a decreased rate of collagen

production (107). However, this mechanism is still under debate (31,50,103,124).



Whether ascorbic acid regulates the synthesis of specific non-collagenous components

of bone matrix, such as osteocalcin in addition to collagen, has not been previously

explored.

The non-collagenous proteins of bone comprise approximately 5% of the total

osteoid. Attention has focussed on these proteins in an effort to identify the molecules

presumably unique to bone matrix that regulate skeletal mineralization and turnover

(reviewed in 18). Osteocalcin (bone gla protein) is one of the most abundant

noncollagenous matrix proteins in bone, comprising 1-2% of the total protein

(110,113). Osteocalcin is thought to be important both for its potential clinical

relevance and its bone-specific expression (93,111) (see section IIIA2d).

Osteocalcin is a 49 amino-acid protein of MW ~4900 kilodaltons (reviewed in

71,92,110). The molecule possesses 3-4 gamma-carboxyglutamic acid residues

which confer Ca2+ and hydroxylapatite binding properties to the molecule. During

development, osteocalcin first appears in skeletal tissue at about the time of onset of

mineralization (21,96). and its expression by osteoblast-like cells in culture also

appears to be associated with mineralization (51). The precise function of osteocalcin

in vivo is not known with certainty, although its serum concentrations closely, and

directly, vary with the rate of bone formation in various clinical syndromes of altered

bone turnover (92,111). Osteocalcin may play a role as an inhibitor of

mineralization (110), and as a chemotactic and morphogenic factor for osteoclast

precursors (91).

In conclusion, both collagenous and non-collagenous components of bone matrix

are produced by osteoblasts. However, bone also contains fibroblast-like cells,

marrow elements and vascular elements, in addition to Osteoclasts and

osteoprogenitors. Thus other cells reside in bone and may contribute organic

components to the bone matrix.



c) Development

The production of new bone during development, growth and fracture repair,

involves a cascade of events dependent on the sequential participation of several

distinct types of cells. Bone may be formed by either a membranous or endochondral

mechanism.

The first stage of membranous bone formation, the blastemal stage, involves the

formation of mesenchymal condensations (69). In the so-called "centers of

ossification", mesenchymal cells proliferate and condense around a dense network of

capillaries. The central cells then enlarge, acquire basophilic staining properties, and

secrete an eosinophilic matrix between the blood vessels and cells. This matrix

rapidly calcifies, forming and enlarging the bony trabeculae. The mesenchyme

surrounding the center of ossification condenses as a fibro-vascular periosteum.

Osteogenic stem cells reside in the periosteal layer, and the bone marrow (Section

IA2a) providing a continous source of osteoprogenitors throughout life. The bony

spicules are interspersed with fibroblastic-appearing cells (96). In cancellous bone,

bone marrow elements appear between the spicules. Flat bones, such as the calvaria

and pelvic bone are formed by an intramembranous mechanism.

Endochondral bone formation involves an initial blastemal stage, as described for

membranous bone formation, followed by the formation of cartilage tissue by

chondrocytes (69). The cartilage forms a model for the subsequent deposition of

mineralized tissue by osteoblasts. The cartilage anlagen is surrounded by a highly

vascular, condensed mesenchyme, the perichondrium. Bone was originally thought to

replace the cartilage anlagen. However, recent evidence, provided by the studies of

Pechak et al. (105), shows that during the development of chick long bone, the

cartilage core provides a scaffold around which mineralized tissue is radially



deposited. The cartilage core is, in fact, replaced by marrow elements, not

mineralized tissue.

Whether the newly formed bone is produced by intramembranous or by

endochondral mechanisms, the localized and coordinate regulation of various cell types

is required for the morphogenesis of bone tissue. The molecular mechanisms involved

in the local regulation of tissue morphogenesis are difficult to unravel using in vivo

techniques. However, one approach that has proven particularly useful for studing the

sequence of events that may be involved in endochondral bone formation was first

described by Urist (133), and developed further by Reddi (116) and others.

Urist showed that powdered, devitalized bone matrix, when implanted into

muscle,induced the formation of cartilage and then bone (133). Following the

implantation of bone matrix, an orderly sequence of events ensues (reviewed in 115).

The implanted bone matrix is first invaded by mesenchymal cells and macrophages.

Chondroblasts appear at the site of the implant, followed by the formation of cartilage.

Capillaries invade the implant on the 9th day, and chondrolytic foci are present

adjacent to the capillaries. By day 10, basophilic osteoblasts appear. The alkaline

phosphatase activity of the implant increases 7-fold with the formation of bone. By

the 12th day, hematopoietic tissue forms within the implant. The bone matrix implant

system has been used as a model for endochondral bone formation since these processes

resemble those that OCCur in vivo.

The bone matrix implant studies demonstrate several important points. First,

bone tissue contains the informational molecules necessary to initiate the processes

involved in endochondral bone formation. Second, these informational molecules

appear to be tightly associated with the extracellular matrix of bone; skeletal tissue

thus may serve as a reservoir for these informational molecules. Third, cells of the



host from non-skeletal sites can proliferate and differentiate into cells capable of

expressing the osteoblast phenotype in response to inductive stimuli.

2. Osteoblasts

a) Origins

Osteoblasts mature from progenitor cells throughout life. Osteoprogenitor cells

can not be identified prior to their association with specific sites of bone formation.

However, the work of Friedenstein and coworkers has provided useful information

about the origins of stem cells for osteoblasts. Friedenstein showed that populations of

cells derived from the bone marrow and bone surfaces were osteogenic (reviewed in

45,46). When bone marrow or cultured marrow stromal cells were implanted within

diffusion chambers into hosts, osseous tissue formed (47). Osseous tissue was

identified histochemically on the basis of positive alkaline phosphatase and Von Kossa

staining. Furthermore, Friedenstein showed that the population of osteogenic cells

derived from the bone marrow is separate from hematopoeitic precursors (48).

Donor marrow tissue was irradiated with sufficient intensity to kill hematopoietic

cells, while osteogenic cells persisted, then formed osseous tissue in diffusion

chambers. In addition, when intact marrow was transplanted under the kidney capsule

of a host, hemopoietic cells died, while the stromal cells survived. Subsequently, bone

and marrow Stroma formed.

A second type of osteogenic precursor exists which, unlike bone marrow-derived

osteoprogenitors, requires an inductive stimulus to form bone. While cultured

stromal cells derived from bone marrow routinely form osseous tissue in diffusion

chambers, fibroblasts derived from other organs such as the spleen and thymus, only

form bone if implanted in contact with transitional epithelium (47). Additional



evidence for a non-skeletal source of progenitors for osteoblasts is provided by the

bone matrix implant studies described above.

To summarize, stromal cells from various sources express the osteoblast

phenotype if exposed to specific inductive stimuli, suggesting that progenitors for

osteoblasts are plastic with respect to cell differentiation. The most likely physiologic

sources for primitive stem cells as well as immediate osteoblast precursors are bone

surfaces and bone marrow. These osteoblast precursors do not require external

inductive stimuli to form bone. Presumably, factors within the skeletal tissue have

already initiated the process of their differentiation into osteoblasts.

b) Osteoblast Differentiation

More than 15 years ago Peck et al. (106) first isolated bone cells in an effort to

study the molecular basis of osteoblast function. Not surprisingly, the activities used

to characterize a bone cell population as osteoblast-like, are based on the phenotype of

the mature osteoblast in vivo. The criteria established over the years encompass both

Structural and metabolic roles of Osteoblasts.

Bone cells can be defined by metabolic criteria as osteoblast-like, on the basis of

their response to the hormones, parathyroid hormone (PTH) and 1,25

(OH)2Vitamin D3 (1,25(OH)2D3). The response to PTH is most frequently assessed

by the rise in intracellular cAMP which follows occupancy of the PTH receptor (106).

Osteoblast-like bone cells also possess receptors for 1,25(OH)2D3 (29,137). The

response of bone cells to 1,25(OH)2D3 is most frequently assessed by the rise in

osteocalcin production following exposure to physiological concentrations of

1,25(OH)2D 3 (30,112). In vivo, the non-collagenous bone matrix protein,

osteocalcin, appears to be sythesized only by osteoblasts, their progenitors and

odontoblasts (23,30,32,112). The ability of bone cells to respond to PTH and



1,25(OH)2D3 in culture warrants their functional classification as osteoblast-like.

However, both of these tests rely on measurements obtained from the entire population

of bone cells in the culture. Unless immunocytochemical or histochemical methods are

used, it is not possible to conclude that all cells in the culture express the particular

phenotype under study.

Osteoblasts in vivo express a phenotype consistent with their structural

function; that is, they synthesize, then mineralize, an extracellular matrix. Thus,

additional criteria used to characterize bone cells, include the synthesis of type I

collagen, the expression of high alkaline phosphatase activity, and the mineralization

of an extracellular matrix. Mineralization has been demonstrated both in Culture

(34,131,139) and in vivo when osteogenic cells are implanted in diffusion chambers

(3,128). In various bone cell culture systems mineralization is dependent on the

addition of ascorbic acid and an organic phosphate source, usually in the form of

■■ glycerophosphate.

These functional criteria are used to characterize as osteoblast-like, primary

cells in culture (5,12,30,34,139,142), and cell lines derived from both normal

bone tissue and osteosarcoma tissue (4,112). The results obtained using the various

cell culture systems support the concept that osteoblasts consist of a class of bone cell

phenotypes, as opposed to a single phenotype. One line of evidence in support of this

idea involves the cloning, then characterization of cells derived from populations of

bone cells. Clones derived from the surfaces of fetal rat calvaria were analyzed with

respect to their expresssion of the osteoblast phenotype (4). Presumably, the cells

from normal tissue that would survive the cloning procedure would be progenitor cells

with a high proliferative capacity. More mature cells would have a limited life span in

culture. The results showed that various clones distinctly differ in their responses to

the calciotropic hormones and their relative expression of collagen isoforms.



In addition to showing hetergeneity between different clones, bone cells also show

heterogeneity within a single clone. A clone derived from neonatal mouse calvaria was

selected on the basis of its high alkaline phosphatase activity and ability to form

mineralized tissue in culture (131). After treatment in culture with ascorbic acid

and B-glycerophosphate, local regions of mineralized nodules formed in culture.

Despite the cells' clonal origin, the areas involved in the formation of mineralized

nodules are surrounded by layers of fibroblast-like cells, a conclusion based on the

cells' morphology. The possibility cannot be eliminated that the clone included cells

from different lineages. However, a more likely explanation is that the cultures

contain cells that represent a continuum of osteoblast phenotypes.

To precisely define the putative differences in the lineage and differentiated

function of cells requires markers specific and unique for each phenotype. Fraser et

al. used the expression of the calcium binding proteins, matrix gla protein (MGP) and

osteocalcin, as phenotypic markers (42). They found that several cell lines derived

from distinct osteosarcomas express osteocalcin or MGP. Expression of the two

proteins is mutually exclusive, suggesting that transformed cell lines are fixed with

respect to their different phenotypes, and that differences in the expression of

osteocalcin and MGP may prove useful for analyzing the putative heterogeneity of

Osteoblast-like Cells.

The expression of MGP and osteocalcin, however, does not appear to be unique to

osteoblast-like bone cells. The mRNA for MGP is detected in various tissues in vivo,

including the lung, heart and kidney (43). Furthermore, a preliminary report by

Bradbeer et al. (20), shows that a protein, immunoreactive with anti-osteocalcin

antibodies, is present in skin cells grown in culture which are not derived from bone.

Whether these immunoreactive proteins are osteocalcin, or other antigenically related

proteins, is not yet known. Thus, the conclusion that cells are exclusively osteoblasts



is not justified, if based solely on the ability of cells to produce immunoreactive

OsteoCalcin in Culture.

As the preceding discussion of the origins of osteoblasts has shown, expression of

the osteoblast phenotype in vivo is a plastic phenomenon, under the influence of potent

morphogenic factors. These factors may include elements of the extracellular matrix,

and growth factors either present in serum, or produced by the cells themselves. In

any case, there is currently no known marker completely unique to the osteoblast

phenotype in culture. Perhaps this reflects the plasticity of the phenotype; i.e. that

various stromal cell types, including endothelial cells and fibroblasts, have the

potential to express the osteoblast phenotype, given the appropriate configuration of

morphogenic stimuli.

3. Growth Factors and Bone

The first bone-derived growth factors identified from bone tissue included Bone

Morphogenic Protein (BMP) (133), Bone-Derived Growth Factors (27), Skeletal

Growth factor (79), Cartilage Inducing Factor-A (CIF-A) and Cartilage Inducing

Factor-B (126). These growth factors were identified on the basis of their ability to

stimulate bone cell proliferation or to induce cartilage formation either in culture or

in vivo assays. The bone-derived growth factors were thought to be unique to bone

tissue. However, we now know that some of the bone-derived factors appear to be

similar, or identical, to growth factors isolated from other tissues . For example,

CIF-A was isolated from demineralized, bovine, bone matrix on the basis of its ability

to induce chondrogenesis by embryonic muscle mesenchymal cells in culture (126).

CIF-A is thought to be the same molecule as transforming growth factor beta, type 1

(TGFB1), a conclusion based on protein sequence data (127).

1 0



TGFB1 and TGFB2 are present in bone tissue at high concentrations, estimated at

approximately 200 ug/kg tissue (reviewed in 28). TGFB is now known to consist of a

family of growth factors, identified on the basis of sequence homology and receptor

cross-reactivity. The TGFB isolated from bone includes the two isoforms, TGFB1 and

TGFB2, capable of forming homodimers or heterodimers. Two of the three bone

morphogenic proteins isolated by Wozney et al., (i.e. BMP-2A and BMP-3) are new

members of the TGFB family (140). Unlike TGFB1 (CIF-A) and TGFB2, these factors

induce cartilage formation in vivo, as well as in culture. The TGFB is extracted from

the organic fraction of bone matrix after demineralization of the bone powder. This

suggests an intimate association of TGFB with the protein components of bone matrix.

Following a different purification protocol, Hauschka et al. examined the

mitogenic activity of factors associated with the mineral components of bone (76).

Bone mineral extracts from bovine tissue were passed over a heparin-Sepharose

column, fractions eluted with various concentrations of NaCl, then the mitogenic

activity of the fractions for 3T3 fibroblasts and osteoblast-like cells was tested. Five

fractions with mitogenic activity were isolated by this procedure. Acidic FGF, eluting

at 1.1M NaCl was identified by Western blot analysis, and represented 10% of the total

mitogenic activity of the bone extract. Two additional fractions eluted at

concentrations of NaCl which also elute bFGF and appear to contain several protein

species. On the basis of these data, Hauschka proposed that they may be bFGF-like

molecules. Combined, these two bFGF-like fractions represent 42% and 45% of the

total mitogenic activity of fetal mandible and adult femur, respectively.

The cell types of origin for the growth factors present in bone are not known.

Either the cells residing in bone may synthesize the growth factors, or blood-derived

growth factors may accumulate in the mineralized matrix (76). To implicate a

paracrine or autocrine function for a particular growth factor requires the

1 1



demonstration that cells derived from bone produce the factor. Robey et al. (118)

demonstrated that bovine bone cells produce TGFB in culture and we have recently

shown that bone cells produce FGF (53).

4. Fibroblast Growth Factor

FGF was first identified on the basis of the ability of extracts from pituitary and

brain to stimulate the proliferation of 3T3 fibroblasts (2,55). FGF has been shown

since then to be mitogenic for a broad spectrum of mesoderm- and neuroectoderm

derived cell types (reviewed in 60).

FGF is now recognized to comprise a family of growth factors, grouped according

to their homologies and similar gene arrangements (reviewed in 60,118). The first

two forms of FGF identified, aFGF and bFGF, were purified from bovine pituitary and

brain on the basis of their affinity for heparin (38). The two forms of FGF are

encoded by separate genes located on different chromosomes (1). Their gene

arrangement is similar, with three exons separated by two large introns. Multiple

mRNA transcripts for bfGF are present in various tissues and cells in culture (1,87).

Bovine tissues possess two major transcripts, one at 7.0 kb and the other at 3.7 kb

(1). The primary translation product of bfGF is 18 kd and is composed of 155 amino

acids. However, an alternative start site has been recently identified from hepatoma

cell mRNA, which yields higher molecular weight forms of bFGF at approximately

22,000, 23,000, and 25,000 kg (109). These higher molecular weight forms are as

biologically active in a 3T3 cell proliferation assay as the 18kd form of bFGF. Both

bFGF and aFGF are subsequently cleaved at their amino termini, to yield shorter forms.

Neither bfGF or aFGF possess a typical hydrophobic signal sequence domain, and thus

their mode of cellular transport and secretion remains unknown.
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aFGF and bRGF demonstrate 55% absolute homology with one another (38). bFGF

resolves into one or two bands in SDS polyacrylamide gel electrophoresis with

apparent molecular weights of 16,000 and 15,000 (57). bFGF consists of a single

polypeptide chain with 146 amino acids, and in a truncated form (des. 1-15 bFGF)

which is fully active (38). aPGF resolves into two bands in SDS polyacrylamide gel

electrophoresis with apparent molecular weights in the range of 15,000 to 15,500

(49). Acidic and basic FGF both contain two heparin binding domains, one located near

each terminus (38,39).

The acidic and basic forms of FGF appear to exert similar biological effects on

cells, although aFGF is normally 30-100 fold less potent than bFGF (reviewed in 60).

Their similar effects are probably due to their ability to share cell surface receptors.

Receptors for bFGF and aFGF have been identified on a variety of cultured cells

(49,81,98,99,102) and a receptor for bFGF has recently been cloned (89).

Chemical cross-linking studies have shown that there are two receptors, with

molecular weights of 125,000 and 145,000 (98). Based on competition studies, it

was shown that the higher molecular weight receptor species possesses a greater
affinity for bFGF than for aPGF(99). Conversely, the lower molecular weight species

demonstrates a greater affinity for aFGF than bFGF.

FGF acts as both a mitogen and a morphogen for a variety of cells in culture (60).

In addition to increasing the rate of cellular proliferation, FGF increases the lifespan

of various cell types in culture, postponing cellular senescence (136). Depending

upon the type of cell studied, FGF may enhance or inhibit cellular differentiation. For

example, FGF promotes the differentiation of capillary endothelial cells (136) yet

inhibits the fusion of myoblasts into myotubes (68).

The influence of FGF as a morphogen is evident in its ability to regulate both the

quantity and the quality of ECM components produced by cells in culture. For example,
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when vascular endothelial cells are grown in the presence of FGF, they express

differentiated markers, maintain a non-thrombogenic apical cell surface, and

synthesize basement membrane collagens; when grown in the absence of FGF they do

not (56). FGF also regulates the ECM produced by chondrocytes in culture. If bFGF is

present during the logarithmic growth phase of chondrocytes, 35sulfate incorporation

into proteoglycans increases five-fold and the cells secrete a cartilagenous matrix,

similar to that observed in vivo (82-84). The effects of FGF on differentiation of

endothelial cells or chondrocytes can be mimicked by growth of the cells on an ECM

produced by bovine corneal endothelial cells (BCE-ECM). These results have led to the

proposal that at least some of the effects of bFGF on differentiation are mediated by its

influence on the production of the ECM (90).

FGF may act as a mitogen and morphogen after its storage in the ECM. The

following observations support this proposal. The extracellular matrix synthesized by

cells that produce bFGF is mitogenic for cells that respond to FGF (61–64). The bFGF

synthesized by cultured bovine corneal endothelial cells is detected in their

subendothelial extracellular matrix (135). FGF does not appear to be released in a

soluble form, since it is not detected in the media conditioned by cells known to

synthesize bFGF (128). Therefore, the bFGF produced by cells appears to either

remain cell-associated or be directly deposited in the extracellular matrix. In

addition, FGF displays a high affinity for heparin (57). The heparan sulfate

proteoglycans found in the extracellular matrix are structurally similar to heparin

(138) and bind FGF (121). Since heparan sulfate proteoglycans are synthesized by

osteoblasts (11,40), they may tightly bind FGF in the bone matrix, protecting the

growth factor from proteolytic degradation and stabilizing its bioactivity. The FGF

sequestered in the extracellular matrix may subsequently be released in an active

form as a consequence of tissue remodelling or injury.
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The physiological roles proposed for FGF include angiogenesis and wound healing

(9,60). FGF-like molecules also appear to be important during development. bfGF

induces the formation of mesoderm from the animal pole of early Xenopus embryos

(129). The inductive effects of FGF are potentiated by TGFB (85) An FGF-like

molecule is also present in early embryos (86), supporting the proposal that FGF

plays an important role in early development by virtue of its ability to act as a

morphogen for differentiation into mesoderm.

B. Summary and Rationale

The purpose of this project was to provide evidence in support of the hypothesis

that FGF plays a role in the local regulation of bone formation. Three minimum

requirements must be met to demonstrate that FGF is a paracrine or autocrine growth

factor for osteoblasts. The first requirement, is that FGF should be present in skeletal

tissue in vivo. Secondly, FGF should be produced by cells derived from bone. Finally,

bone cells should be target cells for FGF.

Hauschka (76) demonstrated that aPGF, and probably bFGF, are present in both

fetal and adult bovine bone. We considered this evidence adequate to fulfill the first

requirement. Since bFGF is more potent for bone cells than afGF (vide infra), and

since aPGF and bFGF bind to the same cell surface receptors (99) and exert similar

effects in other cell types (60), we have concentrated our efforts on the study of bFGF.

We developed a cell culture system from explants of fetal bovine calvaria to

address the questions of whether bone cells produce and respond to FGF. The cells were

characterized with respect to their expression of the osteoblast phenotype. The

markers chosen included those most characteristic, if not strictly unique, to

osteoblasts. They included high alkaline phosphatase activity, PTH-responsiveness,

1,25(OH)2D3-induced osteocalcin expression, and mineralization of an extracellular

15



matrix. On the basis of these studies it was possible to conclude that the bone cell

culture system included cells of the osteoblast lineage.

We determined whether the bone cells produced FGF. At the time these studies

were initiated it was known that FGF was present in cell extracts, but was not detected

in media conditioned by cells known to produce FGF (125). Furthermore, the

mitogenic properties of ECMs produced by cells that synthesize FGF were thought to be

due to ECM-sequestered FGF (61,135). Therefore, we tested bone cell extracts, as

well as bone cell-derived ECMs (BnC-ECM) for their bioactive FGF content. The bone

cell extracts appeared to contain both bFGF-like and aFGF-like molecules. The bFGF

like protein produced by bone cells could be sequestered in a bioactive form in the

ECM, as assessed by the mitogenic properties of the Bnc-ECM for capillary endothelial

Cells.

At the time our studies were initiated, FGF was thought to function as a mitogen

for periosteal cells in organ culture, while having little or no effect on osteoblasts and

their precursors in central bone (27). In spite of these results, we considered it

likely that osteoblast precursors are target cells for FGF because FGF was recognized

to be a potent mitogen for various mesoderm- and neuroectoderm-derived cells in

culture (9,60) and osteoblasts are derived from both of these two germ layers

(69,73). We reasoned that the FGF added to organ cultures might bind to the

extracellular matrix by virtue of its heparin-binding domains. This might prevent

access of the protein to its receptors on the osteoblasts of central bone in intact bone

(27). Therefore we tested the ability of FGF to act as a mitogen for isolated bone cells

in culture. Since TGFB is also present in skeletal tissue (126,127), and modulates

the effects of FGF on other cells (8,44,85) we examined its influence on FGF-induced

bone cell proliferation. We found that aFGF and bFGF were potent mitogens for bone

cells, and that TGFB potentiated these effects.
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The rate of bone formation in vivo is a product of both the number of osteoblasts

and their activity. FGF was known to exert profound effects on various target cells as a

morphogen, as well as a mitogen (9,60). We therefore evaluated the influence of FGF

on alkaline phosphatase activity and osteocalcin production as characteristic osteoblast

functions. Osteocalcin is a particularly important marker since fluctuations in its

serum concentration appear to vary directly with osteoblast function in vivo (37).

FGF inhibited alkaline phosphatase activity and increased osteocalcin production by

bone cells. FGF thus directly altered these bone cell functions in culture. FGF might

also act indirectly to modulate the response of osteoblasts to the calciotropic hormones.

This was shown to be the case in cultured bone cells. Addition of bfGF during the

logarithmic growth phase inhibited PTH-stimulated adenylate cyclase, and when added

to confluent cultures, bFGF potentiated 1,25(OH)2D3-induced osteocalcin production.

The bone matrix in vivo has potent osteoinductive properties (115,116), and

our studies showed that the ECM produced by bone cells possessed bioactive bFGF-like

molecules. Therefore, we examined the influence of the Bnc-ECM on the production of

osteocalcin by bone cells. We found that the BnC-ECM both increased bone cell number

and increased the Concentration of Osteocalcin in the media from Cultures treated with

positive regulators of osteocalcin production, including bFGF, 1,25(OH)2D3 and

ascorbic acid. The ability of the BnC-ECM to promote osteocalcin production was at

least partially due to its content of bfGF. The results from these studies are

consistent with the proposal that bFGF may function as a paracrine or autocrine

growth factor for osteoblasts via its deposition into the ECM of bone. FGF could act

promptly, or, since stored in the ECM in a stable form, might exert delayed effects to

promote bone formation. Thus FGF may be important for the long-term, local control

of bone mass in skeletal tissue.
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II. Materials and Methods

A. Materials

1. Growth factor preparations.

Bovine pituitary-derived bfGF was prepared by ammonium sulfate

precipitation, carboxyl-methyl sephadex ion exchange chromatography, and heparin

Sepharose affinity chromatography as previously described (57). The purity of the

growth factor was established by polyacrylamide gel electrophoresis (one band,

Mr-16,500), amino acid analyses, reverse phase HPLC, and amino terminal sequence

analysis. Brain-derived aFGF was purified by similar methods (16). TGFB (97%

type I), isolated from porcine platelets, was obtained from R and D Systems

(Minneapolis/St. Paul, MN).

2. Substrata Preparations

Cells were plated on gelatinized dishes for routine cell culture. The dishes were

coated with 0.2% gelatin in 0.01 M sodium phosphate, 0.9% NaCl (pH 7.4) (PBS)

overnight, then rinsed in PBS before use.

Extracellular matrix-coated dishes were prepared from bovine corneal

endothelial cell cultures (BCE-ECM) as previously described for the cell proliferation

studies shown in Figure 8 (63). To obtain a BCE-ECM that only contained

endogenously-produced bfGF (Figure 9), the procedure was modified. Bovine corneal

endothelial cells were plated at 62,000 cells/1.6 cm diameter well (24-multiwell

plates, CoStar, Cambridge, MA). After 2 days, the media were changed. The cells were

grown in the absence of exogenously added FGF. The BCE-ECM was then denuded after a

further 7-10 days in culture as previously described (63).

To prepare Bnc-ECM, stock cultures of bone cells from calvariae of 3- to 4

month old bovine fetuses were grown as described (Section IIB1). Bone cells were
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seeded on gelatinized dishes. Gelatin was cross-linked to the surface of 0.8 cm wells

(24-multiwell plates) according to the method of Macklis (95) as follows. Wells

were coated with an aqueous solution (310 ul) containing 60 ug gelatin and 1.3 ug

carbodiimide. After 3 hr of incubation at room temperature, the wells were washed

three times with water, air dried and sterilized under UV irradiation for 2 hr, then

stored at 4 C. Stock cultures were then seeded at a density of 2.0 x 10° cells/well.

The media were supplemented with 5% dextran and changed every 3 days. FGF was not

added throughout the culture period. After the first three days of culture, the media

were further supplemented with 0.5 ug/ml ascorbic acid (Baker, Phillipsburg, NJ).

After 9-12 days in culture, the cells were removed from the extracellular matrix by

the addition of 20 mM NH4OH in distilled water (63). The Bnc-ECM coated dishes

were washed five times in PBS, then stored at 4 C until use.

B. Cell Culture

1. Cell maintenance

Fetal calf heads (3-4 months gestational age) were obtained from a local

slaughterhouse within 30 min after death, then brought to the laboratory on ice.

Fragments of the frontal and parietal calvarium were excised and the periosteum

stripped from the fragments. The central bone fragments were cleansed of adherent

fibrous tissue by scraping with a scalpel, then washed several times in PBS.

Fragments were then cut into small chips measuring approximately 0.03 cm3.

For long-term storage, bone chips were frozen in Dulbecco's modified Eagle's

medium, low glucose formulation (DMEM), (Grand Island Biological Co; Grand Island,

NY) supplemented with 10% calf serum (Hyclone, Sterile Systems Inc; Logan Ut) and

10% dimethylsulfoxide (freezing media) for 48 h at -80C, then transferred to liquid

N2 for long-term storage. The length of time that bone chips remained frozen did not
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affect cell survival or their ability to migrate from the explants once cultured. After

thawing, two or three chips were placed in 6 cm diameter tissue culture dishes

(Falcon, Oxnard, CA) in DMEM, supplemented with 10% calf serum, 0.25 ug/ml

Fungizone, and 100 U penicillin/ml and 100 U streptomycin/ml (Cell Culture

Facility, University of California, San Francisco, CA). After 24 h the chips were

transferred to 6 cm-gelatinized dishes containing fresh growth media (two chips per

dish).

Within one week of culture, cells migrated from the explants; then chips were

removed and the media replaced with fresh growth media. bFGF (0.7 ng/ml) was added

to the cells every other day for 4-6 days to increase cell yield for subsequent

experiments. Growth of the stock cultures in the absence of bFGF did not alter the

mitogenic response of first passage bone cells to bFGF. Cells were then rinsed once

with PBS then trypsinized (15 mM NaCl containing 0.05% trypsin, 0.01 M sodium

phosphate, 0.02% EDTA). When cells rounded up they were suspended in the growth

media and seeded at the various densities indicated in the figure legends.

Cells through approximately 20 cumulative population doublings were used for

analysis of FGF production, and were passaged at a split ratio of approximately 1:5.

Bovine adrenal cortex-derived capillary endothelial cells (ACE) were maintained as

previously described (67).

2. Cell Proliferation Assays

Stock cultures of bone cells or ACE cells were treated with trypsin/EDTA, then

counted in a Coulter particle counter (Hialeah, FL). Cells were seeded at the cell

densities indicated in the figure legends. Growth factors were added every other day,

beginning the day of plating, as described in the figure legends. After various time

intervals, cultures were trypsinized and the cells counted using a Coulter counter. The
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morphological appearance of the cultures was assessed by phase contrast microscopy

(Nikon), and photographs taken at 100X.

C. Cytochemical and Immunocytochemical Assays

1. Mineralization

The ability of the bone cells to mineralize in culture was assessed by growing

stock cultures of bone explants in 35-mm gelatinized dishes (one bone chip per dish).

After confluence, the media were replaced every 3 days with the addition of ascorbic

acid (50 ug/ml or 100 ug/ml) and B-glycerophosphate (10 mM). Control cultures

were maintained in the absence of ascorbic acid and B-glycerphosphate. Within 1

week after confluence, mineralized regions appeared. Cultures were fixed in 1%

formalin in PBS for 1 min, then mineralization assessed by the von Kossa method

(33).

2. Immunocytochemistry

The cells were seeded onto plastic coverslips in 35 mm gelatinized dishes at a

density of 20,000 cells per dish. Prior to confluence, the coverslips were rinsed

twice in PBS, fixed for one minute in 100% methanol at room temperature then air

dried. To reduce nonspecific binding, the coverslips were incubated in 3% normal goat

serum for 20 min. Coverslips were washed twice in PBS, then incubated with

agitation for one hour with antibody in 1% BSA in PBS (diluted as described in the

figure legends). Antiserum against bovine osteonectin, raised in rabbit, was a gift

from L. Fischer. After washing for 5 min. twice in PBS, the coverslips were incubated

with a 1:200 dilution of fluorescein-conjugated, goat anti-rabbit IgG, FC fragment

(Antibodies Inc, Woodland, CA) The coverslips were mounted on glass slides in
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gelvatol. Photomicrographs of the different samples within an experiment were

exposed under identical conditions.

3. Alkaline Phosphatase Cytochemistry

The cells were grown on gelatin-coated dishes, as described in the figure legends.

On the sixth day of culture, the media was aspirated and the cultures washed once with

PBS. Methanol, pre-cooled to -20C was added to the dishes and the cells fixed for 20

min at -20 C. The cultures were washed twice with dH20 before staining. An alkaline

phosphatase histochemical kit was used according to the protocol provided (Sigma

procedure No 86), which uses napthol Anilid-Saure-Blphosphate as a substrate and a

diazonium salt for color detection.

D. Biochemical Assays

1. Cell Characterization

a) Alkaline Phosphatase

The cells were plated at 24,000 cells per 35-mm gelatin-coated dish. FGF was

added every other day. After 3 days (approximately 70% confluent) or 5 days

(confluent), the cell layers were recovered for analysis of their alkaline phosphatase

activity and their DNA content as follows. The cultures were rinsed twice with PBS,

then scraped with a rubber policeman into 1 ml of 0.25 M sucrose. The dishes were

rinsed with an additional 0.5 ml sucrose then Sonicated in a 4 C water bath for 30 Sec.

Aliquots (100 ul) were frozen in liquid N2, then stored at -80 C. Aliquots of the

remaining cell lysate were stored at -20C for DNA analysis according to the method of

Hinegardner (77).

22



The alkaline phosphatase activity of the samples was analyzed according the the

method of Hauseman (75). In this kinetic method, p-nitrophenyl phosphate is cleaved

to p-nitrophenol. The reaction is followed spectrophotometrically at 405 nm over 5

min. The activity of the samples are expressed in International Units.

2. Osteocalcin Radioimmunoassay

The cells were grown as described in the figure legends. 1,25(OH)2D3 was a gift

from M. R. Uskokovic, Hoffmann-LaRoche (Nutley, NJ). 1,25(OH)2D3 stock,

dissolved in an ethanol vehicle, was evaporated under N2, then solubilized in 10

mg/ml bovine serum albumen in PBS. The conditioned media was frozen until analyzed

for osteocalcin Content. The RIA for osteocalcin used rabbit anti-bovine osteocalcin

antisera prepared as previously described (133). The diluent buffer was .01 M

sodium phosphate, pH 7.5, containing 25 mM EDTA, .05% Tween 20, 0.14 M NaCl,

0.01% crystalline BSA. The standards routinely used were purified bovine osteocalcin

obtained from BTI (Stroughton, MA.). Dilution analysis of these standards compared

favorably to that of standards obtained from two other sources (gifts from P. Price and

from P. Buckendahl). Samples or standards, and antisera were incubated either two

or three days at 4 C before addition of 1251-osteocalcin. Aproximately thirty hours
after 1251-osteocalcin addition, goat anti-rabbit second antibody and nonimmune

serum were added. The linear range of the assay is .05-1 ng osteocalcin/tube, with

interassay coefficient of variation less than 0.2% and intraassay coefficient of

variation less than 0.1%.

3. PTH-stimulated Adenylate Cyclase

2 3



Cells were grown on gelatinized dishes in DMEM supplemented with 10% CS,

with or without bFGF as previously described. On day 6 (~1 day post-confluent),

cultures were rinsed once with serum-free DMEM, then were icubated at room

temperature in DMEM with 20 mM HEPES, pH 7.4, 1 mM 3-isobutyl-1-methyl

xanthine, and bpTH (1-34), dissolved at the indicated concentrations in 10 mM acetic

acid, 0.1% BSA. After 10 min, cultures were rinsed once with ice-Cold PBS, then cell

contents extracted with 95% ethanol, followed by two ethanol washes. The ethanol

extracts were dried under air, redissolved in 50 mM sodium acetate (pH 6.2), then

cAMP contents measured by a standard RIA (141). Cells grown under identical

conditions were trypsinized then counted in a Coulter counter.

4. DNAASSays

Two different assays were used to measure the DNA content of the bone cell

cultures. The method of Hinegardner (77) was used to analyze the DNA content of

cultures recovered for their alkaline phosphatase activity. This method measures the

excitation of the fluorescent DNA-binding dye, diaminobenzoic acid. For analysis of the

DNA content of cultures studied for their osteocalcin production, the method of Labarca

and Page (88) was used. This method measures the excitation of the Hoechst 33258

dye.

2. EGE Synthesis

a) –Preparation of Cell Extracts

Bone cells were grown on large culture dishes (530 cm2 surface area, Nunc,

Applied Scientific, San Francisco, CA.). Confluent cultures were trypsinized, and 2 ml

calf serum added to neutralize the trypsin. The cell suspension was centrifuged, and

the pellet was resuspended in PBS and centrifuged. The supernatant was discarded,
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and the pellet stored in liquid nitrogen. For analysis by heparin-Sepharose (HS)

affinity chromatography, confluent cultures from 29 dishes were combined

(approximately 7.25 X 108 cells), and the cell extract prepared as previously

described (126). The pellet was solubilized at 4 C in 0.5% Triton-X 100 in water,

then the cells were disrupted by passing them through a 25-gauge needle. The salt

concentration was adjusted to 0.6 M NaCl. After centrifugation (50,000 X g; 30 min;

4C), the supernatant was applied to a HS column (Pharmacia, Piscataway, NJ), that

had been equilibrated at room temperature with 0.6 M Nacl in 10 mM Tris, pH 7.0.

After loading the cell lysate, the column was washed with 0.6 M NaCl in 10 mM Tris

pH 7.0 and then sequentially eluted with 10 mM Tris, pH 7.0 containing 1 M and 3 M

NaCl. The protein content of the crude extracts was determined from the flow through

of the HS column by the Bradford protein assay (BioPad) using bovine serum albumin

as a standard (Sigma, St. Louis, MO).

b) Analysis of Immunoreactive EGE

The RIAs were performed as previously described (101). The RIA for bFGF and

aFGF used specific protein-A-purified rabbit anti-FGF antibodies. The RIA for bFGF

measures bFGF in the range of 30 pg/tube to 1 ng/tube. The cross-reactivity with

aFGF was 1%. The RIA for aFGF measures afGF in the range of 10 pg/tube to 10

ng/tube. The cross-reactivity with bFGF was less than 1%.

The immunoblot for bFGF was performed essentially as previously described

(126), using the same protein A-purified antibodies (10 ug/ml) described above for

the bFGF RIA.

c) | lization of bfGE Bioactivi
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Immunoneutralization experiments revealed that approximately 10 ug of protein

A-purified, anti-bfGF antibodies abolished the biological activity of 0.1 ng bFGF

(unpublished results). Therefore, to neutralize the biological activity of pituitary

derived bfGF and purified cell extracts, 10 ug of anti-bFGF antibody, diluted in PBS

were added to the cultures every two days before the addition of growth factors. To

neutralize the mitogenic activity of BCE-ECM and Bnc-ECM, excess anti-bFGF

antibodies diluted in Serum-free DMEM were incubated with the substrata for 16 hrs

at 37 C before plating the cells (15 ug antibody per cm2 surface area). The dishes

were washed twice in DMEM containing 10% calf serum to remove residual antibodies,

then ACE cells or bone cells were plated for proliferation or osteocalcin assays, as

described in the figure legends.

d) Blot Hybridizati BNA

Approximately 1.25 x 108 cells were extracted, then polyA-enriched RNA was

prepared as previously described (6,100). Nylon filters (Hybond N) were purchased

from Amersham (Arlington, Ill) and molecular size markers from BRL (Gaithersburg,

MD). The probe used for visualization of the bFGF gene transcripts was a [3°P]-

labelled 1.4 kb Eco RI fragment isolated from a bovine bFGF cDNA clone (1,101).

After hybridization, the filters were washed using 15 mM NaCl, 1 mM sodium citrate,

0.1% SDS at 60 C. Poly A-enriched RNA from bone cells was compared with poly A

Selected RNA from vascular Smooth muscle cells.
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III. Results

A. Bone Cell Characterization: FGF Effects

1. Stock Cultures

When bone explants from 3-4 month old fetal calf calvariae were maintained in

media containing 10% calf serum, cells grew out from the tissue within one week

(Figure 1) The cells were small and stellate. After 5 to 7 days in culture, the bone

chips were removed, the media changed, and bFGF added every other day. Numerous

mitotic figures were observed, and within 6 days, most regions of the dish were

confluent. At confluence, the cells of the stock cultures possessed a typical

mesenchymal morphology, assuming either a bipolar or rounded shape. An

extracellular matrix accumulated on the cell surface in regions of the dish where cell

growth was most dense. Stock cultures, grown for a total of 9 days, with 0.7 ng/ml

bFGF added on day 5 and 7, were used for most of the work subsequently described.

2. Bone Cell Function

a) Mineralization

Cells that migrated from calvarial explants were characterized as osteoblast-like

based on several criteria. The first criterion was their ability to mineralize in vitro.

The addition of ascorbic acid (100 ug/ml) and Bglycerophosphate (10 mM), promoted

in vitro mineralization by enzyme-dissociated fetal bovine bone cells (139). We

confirmed those results using von Kossa staining (33) of bone cells derived from

explant culture (Figure 2).

b) PTH-stimulated CAMP

When first passage bone cells were grown for 6 days, a 10-min exposure to

bPTH (1-34) resulted in an 11-fold increase in cellular cAMP content over basal

27



levels (Table 1). PTH also caused a dose-dependent rise in the cAMP content of

cultures exposed to bFGF during their logarithmic growth phase. However, when the

amount of cAMP produced by each culture was corrected by the number of cells, the

magnitude of the PTH-induced cAMP stimultation appeared less in bFGF-treated

cultures than in control cultures. The basal and forskolin-stimulated CAMP

concentrations of bfGF-treated cultures were similar to controls.

c). Alkaline Phosphatase Activity

The alkaline phosphatase activity of control cultures rose between day 3

(subconfluent) and day 5 (confluent), (Table 2). This rise reflected the increased

number of cells, since when the alkaline phosphatase activity was corrected by the

amount of DNA in each dish, the values were similar. Treatment with bFGF (0.7

ng/ml) during the logarithmic growth phase resulted in levels of alkaline phosphatase

activity comparable to those obtained by confluent control cultures. However, the

DNA content of the cell layers markedly increased in bRGF-treated cultures. Thus, at

confluence, the activity of bone cell alkaline phosphatase, corrected by cultures' DNA

content, appeared markedly reduced in bfGF-treated cells relative to controls. The

influence of bFGF on alkaline phosphatase activity and PTH-stimulated adenylate

cyclase were thus similar. Further results reporting the effects of FGF on alkaline

phosphatase activity in confluent cultures are described in Section IIID2a.

d. Osteocalcin Production

In early experiments, we were unable to detect osteocalcin in the media collected

from bone cells grown on gelatin-coated dishes, despite the addition of 1,25(OH)2D .

This result was consistent with the reports of Whitson et al. (139) who tested
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enzyme-dissociated bovine bone cells grown on plastic. However, if the bone cells

were grown on a BCE-ECM, they produced osteocalcin (Table 3). The bone cells were

grown on BCE-ECM in media containing 10% calf serum, then transferred to serum

free media to measure the accumulation of osteocalcin. This was necessary since calf

serum contains high concentrations of osteocalcin (~150 ng/ml). The media

conditioned by cells in control cultures did not contain detectible amounts of

osteocalcin (Table 3). However, exposure to 1,25(OH)2D3 (3 nM) for 48 hours

resulted in an elevated osteocalcin concentration of the media. Surprisingly, bFGF (5

ng/ml), added during the logarithmic growth phase, also caused a pronounced increase

in osteocalcin concentration. To ensure that the detection of osteocalcin produced by

bFGF-treated cells was not caused by proteolysis of the labeled protein during the RIA

incubation, the samples were boiled to denature possible proteases (104). If the

radioactivity measured in FGF-treated samples was due to proteolysis of the labelled

osteocalcin by a heat sensitive protease, instead of competition by antigen for antibody

binding sites, then boiling the sample would be expected to increase the amount of

[125I]-osteocalcin recovered in the cell pellet. The osteocalcin detected in conditioned

media was not affected by this treatment. In addition, we found that media collected

from ACE cells treated under identical coditions as the bone cell cultures did not

contain immunoreactive osteocalcin. Thus these results supported the proposal that

the immunoreactive protein produced by the bone cells in response to FGF was

ostecalcin, characteristically produced by osteoblasts.

These results suggested that the population of bone cells isolated by explant

culture included cells of the osteoblast lineage, capable of producing osteocalcin in

response to 1,25(OH)2D3 and bfCF (see Section IIID2b). Whether all the bone cells
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expressed this phenotype or only a subset of cells within the entire population, could

not be determined by these methods.

e. Bone Matrix Protein Synthesis

The expression of osteonectin, a skeletal extracellular matrix protein, is not

unique to the osteoblast (78,130,143), although characteristic of osteoblasts in vivo

(15). We have performed preliminary experiments using immunocytochemical

methods to show that the bone cells produced osteonectin. Controls incubated with

normal rabbit serum (instead of anti-osteonectin antibody) exhibited faint and diffuse

staining (Figure 3, Panel A). In contrast, a punctate, perinuclear staining pattern

was observed in cultures incubated with anti-osteonectin antiserum. This staining

pattern was consistent with the interpretation that cellular osteonectin was localized

to the Golgi and endoplasmic reticulum of bfGF-treated cells. Post-staining with

Hoechst dye of the cultures to visualize cell nuclei (Figure 3, Panels B,D), revealed

that virtually all of the cells stained positively for osteonectin. These experiments are

preliminary and require further controls in which the anti-osteonectin antiserum is

pre-absorbed with pure osteonectin to abolish antibody binding. However, the results

provide evidence in support of the proposal that the bone cells produce osteonectin in

Culture.

B. Production of bfGF by Bone Cells.

1. Cellular EGF Content

a) Biological Activi LEGE | ivity of HS-Purified

Bone Cell Extracts
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HS chromatography is useful for the rapid and selective purification of FGF

(9,66). Therefore, HS chromatography was used to partially purify crude extracts

from bone cells. Fractions were assayed for their bioactive content using ACE cells as

target cells (65) (Figure 4A). The crude extract from bone cells stimulated the

proliferation of ACE cells 4-fold above controls (6.28 X 105cells/dish compared to

1.55 x 105 cells/dish). Most (>90%) of the bioactive material present in the

extracts was retained by the HS columns and unabsorbed material from the crude

extract was only weakly stimulatory (fractions 1 and 2). Elution of the HS column

with 1.0 M NaCl resulted in the recovery of mitogenic activity. Elution with 3.0 M

NaCl resulted in the recovery of the major portion of mitogenic activity within a single

peak.

To determine whether the HS bioactivity profile was the same for bone cells and

capillary endothelial cells, the eluted fractions were also tested on low density

cultures of bovine bone cells isolated from 3-4 month old fetuses (Figure 5). The

crude cell extract stimulated bone cell proliferation 2-fold above controls (1.1 x 105

cells/dish compared to 0.5 x 105 cells/dish). The bioactivity profile of the 1-M and

3-M NaCl fractions (Figure 5B) was comparable to that observed for ACE cells

(Figure 5A). This demonstrates that bone cells synthesize factors that display high

affinity for heparin and are mitogenic for both capillary endothelial cells and bone

Cells.

The HS fractions were tested for the presence of immunoreactive bFGF or aFGF

using an RIA specific for bFGF or aFGF (Figure 4A). The RIA profile for aFGF revealed

that the unabsorbed material and the initial 1.0 M NaCl fractions had aPGF-like

immunoreactivity. In contrast, the final fractions of the 1 M NaCl eluate had bFGF

like immunoreactivity. Thus the bioactivity eluting late in the 1 M NaCl wash most
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likely represents bFGF-like material that has a reduced affinity for heparin. The

major peak of bioactivity that eluted with 3.0 M NaCl (Figure 4) coincided with a peak

in bRGF-like immunoreactivity. Thus, both aFGF-like and bFGF-like immunoreactive

species are present in extracts from bone cells. The 3.0 M NaCl fraction showing high

bFGF-like bioactivity and immunoreactivity (fraction 19, Figure 4A, 20B) will be

referred to as the purified cell extract during subsequent discussions.

To quantify bioactive bFGF-like material produced by bone cells, the ability of

various doses of purified cell extract to stimulate the proliferation of ACE or bone cells

was assessed (Figure 5). Half-maximal stimulation of ACE cell proliferation was

achieved with 35 pg/ml pituitary derived bfGF and with 0.04 ul/ml purified cell

extracts, yielding an estimate of 0.9 ug/ml bioactive bFGF (Figure 5A). Half

maximal stimulation of bone cell proliferation was achieved with 40 pg/ml pituitary

derived bRGF, and with 0.07 ul/ml purified cell extract, yielding an estimate of 0.6

ug/ml bioactive bFGF (Figure 5b).

If bone cell-derived, bFGF-like material is identical to bFGF, then the purified

cell extract should compete with [125I]-bFGF for binding to anti-bHGF antibodies.

Bone cell-derived and pituitary-derived bfGF demonstrated similar binding

characteristics when incubated with anti-bFGF antibodies (data not shown). Since 0.7

ul of purified cell extract and 1 ng bFGF induced half-maximal inhibition of [125I]-

bFGF bound to antibody, the purified cell extract appeared to contain 1.4 ug/ml

immunoreactive bFGF. This value exceeded the concentration estimated for bioactive

bFGF by 2-fold. The discrepancy may be due to any of the following reasons. 1) Bone

cell-derived bfGF may be partially biologically inactive but immunoreactive in the

native state. 2) Inhibitors of bfGF bioactivity may be present in the purified cell

extract. 3) Bone cell-derived bfGF may lose activity during the purification
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procedure, possibly due to the presence of endogenous proteases. However, the addition

of protease inhibitors did not prevent the discrepancy between the amount of

immunoreactive bFGF and bioactive bFGF detected (data not shown).

The stimulation of both ACE and bone cell proliferation by the purified cell

extract was blocked by antibodies shown to neutralize the mitogenic effects of

pituitary-derived bRGF (Figure 6). These results support the proposal that the

mitogenic material of purified bone cell extracts is similar or identical to bFGF. This

also shows that bone cell-derived bfGF may act as an autocrine mitogen for bone cells.

b) Immunoblot Analysis

To identify the molecular weight of the bFGF-like immunoreactive material, the

purified cell extract was analyzed by immunoblot using specific anti-bfGF antibodies.

An immunoreactive band at Mr 15,000 was detected in the same position as the amino

terminal, truncated form of bfGF, isolated from the kidney. (dest-15)-bFGF,

(Figure 7).

c) Northern Blot Analysis

When expression of the bFGF gene was analyzed by Northern blot (Figure 8), two

transcripts were detected, one with a Mr of about 7.0 kb, which is identical in size to

the high Mr transcript present in vascular smooth muscle cells, a cell type known to

synthesize bFGF (59). An additional transcript was observed at approximately 3.5 kb

and could represent a degraded form of the 3.7 kb transcript observed in vascular

Smooth muscle cells.

2. Characterization of Bm0-ECM Mi ic Activi
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In summary, the results show that bone cells contain bFGF in culture and that the

bFGF is biologically active. We next examined the question of how cellular bFGF might

gain access to receptors located on the surface of responsive cells. One possible

mechanism involves the deposition of bioactive bFGF into the extracellular matrix

(61,135). To investigate this possibility, bone cell-derived extracellular matrices

were prepared. Cells grown on BCE-ECM coated dishes served as positive controls,

since it was previously shown that the subendothelial matrix both contains bfgF

(135) and is mitogenic for cells that respond to bFGF (61,135). Growth of ACE cells

on BnC-ECM coated dishes resulted in an increase in cell number 1.8-fold above the

cell number of control cultures grown on gelatin-coated dishes (Figure 9). When the

BCE-ECM and Bnc-ECM coated dishes were pre-treated with neutralizing, anti-bFGF

antibodies, the mitogenic effects of the substrata were no longer observed.

Pretreatment of gelatin-coated dishes with the anti-bFGF antibodies did not effect the

ability of exogenously added bfGF to stimulate ACE cell proliferation. Inhibition of the

mitogenic activity of the BCE-ECM by pretreatment with anti-bFGF antibodies was

reversed by the addition of 10 ng/ml pituitary-derived bFGF (data not shown). These

results provide direct evidence that bRGF is the factor in the extracellular matrix

responsible for the mitogenic activity of both BCE-ECM and Bnc-ECM for ACE cells.

C. Control of Bone Cell Proliferation

1. Serum and Density Dependence

bFGF was found to be a potent mitogen for bone cells, demonstrating both density

(Figure 10) and serum (Figure 11) dependence. bFGF was mitogenic for bone cells

when the cells were plated at any of the densities tested (ranging from 850-34,000

cells/dish). At high plating density, the difference in cell number between bFGF
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treated and control cultures was less pronounced than when cells were plated at low or

intermediate cell densities (between 1000 and 10,000 cells plated/dish).

The response of bone cells to bFGF was also serum-dependent (Figure 11).

Efforts to define conditions under which bone cells could be plated at low density

(2000 cells/cm2) and grown to confluence in the absence of serum were not

successful. However, once cells were grown to confluence in the presence of serum,

cultures could be maintained for several days in serum-free media without a

substantial detrimental effect on cell viability (see section IIID2b).

2. bf{GE and afGE as Mitogens

When first passage bone cells were plated at low density (2000 cells/cm2),

aFGF and bFGF caused a dose-dependent increase in cell proliferation (Figure 12).

Concentrations of bFGF as low as 17.5 pg/ml triggered proliferation of bone cells. A

half-maximal effect was observed at approximately 60 pg/ml, with saturation

occuring at 0.7 ng/ml. Acidic FGF was approximately 30-fold less potent than bFGF

with an apparent EC50 of 2 ng/ml. Despite different potencies, treatment of cells with

aFGF or bFGF at optimal concentrations caused a 3-fold increase in cell number over

controls after 4 days in culture. TGFB potentiated the effects of FGF on cell

proliferation (see Section IIID1 a for further discussion).

The growth rate of bone cells cultured in serum-containing media was compared

to the growth rate of cells exposed to the optimal concentrations of bFGF (0.7 ng/ml,

Figure 13). The results demonstrated that the average doubling time of cultures

exposed to bFGF was 17 h during their logarithmic growth phase, while that of control

cultures was 29 h. Furthermore, the saturation density of cells grown in the presence

of bFGF exceeded that of control cultures by 3-fold. These results showed that bFGF
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increased the final cell density at confluence in addition to the rate of proliferation.

The influence of bfGF was similar to that of growing the cells on a BCE-ECM (see

Section IIID3a for further discussion)

Bone cells from fetuses of various ages were sensitive to the mitogenic effects of

bFGF, although the quantitative difference between controls and bfGF-treated cultures

varied. Cells derived from very young fetuses (head-to-tail length -10 cm)

demonstrated a rapid rate of proliferation and high final cell density when grown in the

absence of bFGF, thus minimizing differences between bfGF-treated and control

cultures (data not shown). However, a dose-dependent effect of FGF on both the rate of

proliferation and final cell density at confluence was consistently observed regardless

of fetal age.

3. Bone Cell Senescence

The bone cells could not be successfully passaged beyond 20 cumulative

population doublings (data not shown). After the first passage, cells appeared larger

than first passage cells and did not attain a high final cell density, whether or not the

cultures were maintained in the presence of bFGF. These results contrast to the ability

of FGF to greatly prolong the lifespan of other cells in culture, such as vascular

endothelial cells (56). To determine whether the decreased rate of bone cell

proliferation with increased time in culture was due to a loss in the cells ability to

respond to bFGF, cultures in successive passages were tested for bFGF dose-dependence

(Figure 14, Table 4). The basal, as well as bFGF-stimulated rate of proliferation,

declined as the generation number increased (Table 4). The EC50 of the mitogenic

response to bFGF was not markedly effected by increased cumulative generation

number. A progressive decline in both the basal and bRGF-stimulated final cell
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densities (Figure 14) and rates of cell proliferation (Table 4) over time, supports

the idea that the senescence of the bone cells was a more generalized phenomenon and

was not due simply to a loss in responsiveness to bFGF.

D. Interactions of FGF and Other Factors.

1. Interactions that Influence Cell Proliferation.

a) IGFB and EGE

Both aFGF and TGFB are present in bone (67,126,127). We therefore examined

the possibility that these growth factors interact to regulate the proliferation of bone

cells. When TGFB was added to bone cells plated at 2 X 104 cells per dish and grown in

serum-supplemented media, the rate of cell proliferation was not markedly altered

(Figure 15). If, however, TGFB was added to cells grown in the presence of a fixed

concentration of bRGF (0.7 ng/ml), the density of cultures was increased as much as

2-fold above cultures grown with bFGF alone. The effect of TGFB was dose dependent,

with an apparent EC50 of 1.7 ng/ml and maximal stimulation at 5 ng/ml.

The addition of optimal concentrations of TGFB (5ng/ml) to bone cell cultures

receiving various doses of bRGF or aFGF (Figure 12) resulted in an increased maximal

response, with no evident changes in the half-maximal responses to FGF. The addition

of optimal concentrations of bfGF and TGFB resulted in an average doubling time of 11

h during the logarithmic growth phase of the culture, compared to 15 h for bFGF

treated cultures (Figure 16) and 26 hr for cultures receiving TGFB alone, or controls

receiving neither TGFB nor FGF. These results demonstrated that TGFB potentiated

bone cell proliferation induced by aFGF and bFGF.

37



FGF and TGFB influenced the morphology of the bone cells, as well as their rate of

proliferation (Figure 17). When cells were plated at 2000 cells/cm2 then grown to

confluence in media containing 10% calf serum, the cells assumed a large and flat

shape (Figure 17A). If, however, the media were supplemented with bFGF (0.7

ng/ml) during the logarithmic growth phase, the cells grew rapidly and at confluence

adopted a criss-cross morphological pattern (Figure 17B). Bone cells grown in the

presence of TGFB (5ng/ml) (Figure 17C) appeared larger than cells grown in serum

containing media alone, although they did not otherwise differ markedly from controls.

However, when grown in the presence of both bFGF (0.7 ng/ml) and TGFB (5 ng/ml)

(Figure 17D), cells appeared more rounded, with closely apposed cell boundaries than

when grown in the presence of bfGF alone. aFGF exerted effects on cell morphology

similar to those of bFGF (not shown).

b) Ascorbic Acid and bfgF

Since ascorbic acid has pronounced effects on the synthesis of the extracellular

matrix and increases the rate of proliferation of various cells in culture

(10,35,74,97,123), we examined its effects on bone cell proliferation (Figure 18).

Cells were plated at 3100 cells/cm2 in media containing 10% calf serum. Ascorbic

acid (50 ug/ml) increased the rate of bone cell proliferation over controls. The

addition of ascorbic acid resulted in an average doubling time of 17 hr during the

logarithmic growth phase of the cultures, compared to 23 hr for control cultures. The

effect of ascorbic acid was comparable to that of bFGF (0.7 ng/ml), and not effected by

the addition of the calciotropic hormone, 1,25(OH)2D3 (3m/M). When ascorbic acid

was added in the presence of bFGF, the rate of cell proliferation increased slightly

further to an average doubling time of approximately 15 hr. These data showed that,
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in contrast to the effects of TGFB, ascorbic acid increased the rate of bone cell

proliferation both in the presence and the absence of bfGF.

2. Interactions of factors that regulate cell differentiation

a) lati |

The expression of high levels of alkaline phosphatase activity is characteristic of

the mature osteoblast phenotype. Ascorbic acid increases the levels of alkaline

phosphatase in chondrocytes (72) and transformed osteoblast-like bone cells (132)

and is important for the mineralization of the ECM by bone cells in culture (e.g.

14,34,139). Our preliminary experiments showed that bRGF reduced alkaline

phosphatase activity when bone cells were grown in the absence of ascorbic acid

(Section IIIA2c). We therefore sought to determine whether ascorbic acid would

modify the effects of bFGF on alkaline phosphatase activity.

Control cultures did not express significant levels of alkaline phosphatase, as

assessed by cytochemical methods (Figure 19). Only isolated cells (not visible at the

magnification shown in Figure 19) showed positive staining. Ascorbic acid (50 ug/ml)

caused a marked increase in alkaline phosphatase activity, which was not evenly

distributed, but appeared clustered in groups of cells. The addition of only a single

dose of bRGF (5 ng/ml) to ascorbic acid-treated cultures, resulted in a pronounced

decline in alkaline phosphatase-positive staining. These results suggested that

ascorbic acid was important for the expression of this marker of the osteoblast

phenotype and that the expression of this marker is not uniform. These results are

also consistent with reports that aPGF inhibits alkaline phosphatase activity of rodent

bone cells (120).
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b) Begulati f lci luct

Our early experiments showed that bRGF (5ng/ml) increased the osteocalcin

concentration of conditioned media to levels comparable to 1,25(OH)2D3-treated

cultures (3 nM), (Section IIIA1.d). However, the increase with either treatment was

modest relative to other bone cell culture systems (12,51,93,112), and required

artificial conditions, i.e. growth of the cells on a BCE-ECM. Thus, we considered it

likely that factors, other than bFGF or 1,25(OH)2 D3, are important for the

regulation of osteocalcin production by bovine bone cells in culture. We therefore

examined the influence of other factors, including ascorbic acid and a bone cell derived

ECM (BnC-ECM), on osteocalcin synthesis by bone cells.

We first compared the ability of various substrata to promote the expression of

osteocalcin by bone cells, assessed as the concentration of osteocalcin in conditioned

media, measured by RIA (Table 5). Chen et al. (30) reported that the production of

osteocalcin by rodent bone cells was positively correlated with cell density. However,

osteocalcin was not detected in the conditioned media of bovine bone cells grown on

gelatin-coated dishes or Bnc-ECM despite a high plating density (2 x104 cells/cm2)

(Table 5, experiment 1). If, however, cells were grown on a BnC-ECM or BCE-ECM,

treatment with bFGF (5 ng/ml), or ascorbic acid (50 ug/ml) caused an increase in

the concentration of osteocalcin (Table 5, experiment 1 and 2). The effects of these

factors were not observed if cells were grown on gelatin-coated dishes. The addition of

ascorbic acid and bFGF together to cells grown on Bnc-ECM or BCE-ECM caused an

elevation of osteocalcin greater than the sum of each factor alone. From these results

we concluded that the BnC-ECM, a substrate presumably similar to that which

surrounds osteoblasts in vivo, could promote the expression of osteocalcin by bone

cells in the presence of other positive regulatory factors.
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We compared the dose-response characteristics of cells grown on a BnC-ECM,

and treated with bFGF or 1,25(OH)2D3 or in the presence or absence of ascorbic acid

(Figure 20A). The cells were plated at a high density (2 x 104 cells/cm2), then
exposed to bFGF, 1,25(OH)2D3, or ascorbic acid near confluence in order to

minimize differences in cells number caused by the various treatments.

1,25(OH)2D3 had no effect on the DNA content of cell cultures, while ascorbic acid and

bFGF increased the DNA content relative to controls (Table 6). These results were

consistent with the mitogenic effects of ascorbic acid and bfGF during the logarithmic

growth phase (Figure 18). Therefore, the media concentration of osteocalcin was

corrected by the DNA content of each culture.

Concentrations of bFGF as low as 1 pg/ml caused an elevation in media osteocalcin

concentration over controls (Figure 20 A). In the absence of ascorbic acid, the

influence of bfGF on media osteocalcin was modest. However, with the addition of a

fixed concentration of ascorbic acid (50 ug/ml), bFGF caused a substantial increase in

media osteocalcin to levels 12-fold above ascorbic acid-treated controls. The half

maximal effect of bFGF was observed at approximately 5 ng/ml with saturation

occuring at 100 ng/ml. These EC50 and maximal concentrations of bRGF are

substantially higher than those required to stimulate bone cell proliferation (Section

IIIC2, Figure 12). Several explanations may account for this discrepancy. First, the

added bFGF may bind to the BnC-ECM, thereby diminishing the effective concentration

of soluble bFGF in the osteocalcin experiments. This explanation is supported by the

finding that the DNA content of the cultures in this study was not effected by exogenous

bFGF until the concentration of bFGF added was 10 ng/ml (Table 5). The discrepancy

may also reflect differences in the efficacy of the growth factor under different culture

conditions. bFGF was added during the logarithmic growth phase to study proliferation
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and at confluence to study osteocalcin production. Finally, real differences in efficacy

between the mitogenic and functional effects of bFGF may exist.

Concentrations of 1,25(OH)2D3 as low as 30 pm increased the media osteocalcin

concentration (Figure 20b). Ascorbic acid potentiated the effects of 1,25(OH)2D3 on

osteocalcin production, to levels 7-fold above controls treated with ascorbic acid alone.

The half-maximal effect of 1,25(OH)2D3 was observed at approximately 3 nM with

saturation occuring at 30 nM.

We used half-maximally effective doses of bfGF (5 ng/ml) or 1,25(OH)2D3 (3

nM) to test the dose-dependent effects of ascorbic acid on the osteocalcin concentration

of the media (Figure 200). The addition of at least 10 ug/ml ascorbic acid was

required for the detection of osteocalcin in conditioned media from cultures grown in

the absence of other factors. When the cultures were treated with either

1,25(OH)2D3 or bfGF, the ascorbic acid dose-dependence was similar. Half-maximal

effects of ascorbic acid were observed at approximately 5-8 ug/ml and maximal

effects were observed between 10 ug/ml and 100 ug/ml. On the basis of these results,

50 ug/ml ascorbic acid was chosen as an effective optimal dose to use for subsequent
Studies.

To show that the osteocalcin produced by cultures in the presence or absence of

ascorbic acid is antigenically similar to osteocalcin purified from bone matrix, the

amount of antibody bound to 1251-osteocalcin in the presence of various

concentrations of conditioned media was measured (Figure 21). The media conditioned

by bone cells showed antibody binding properties comparable to purified bovine

osteocalcin, whether or not the cultures were supplemented with ascorbic acid.

Since ascorbic acid potentiated the increased media osteocalcin concentration in

cultures treated with bRGF (Table 5) we studied the interactions of these factors and
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their substrate dependence. The DNA content of cultures grown on a BnC-ECM in the

absence of additional bfGF or ascorbic acid was greater than that of cultures grown on

gelatin-coated dishes (Figure 22A). The increased DNA content of cultures grown on

the Bnc-ECM, relative to those grown on gelatin, appears to reflect the mitogenic

effects of the BncECM since the plating efficiency was not markedly different.

Osteocalcin was not detected in conditioned media from bone cells grown on gelatin and

supplemented with bFGF, 1,25(OH)2D3 or ascorbic acid alone (Figure 22B) although

detectible levels of osteocalcin were observed under these Conditions when the Cells

were grown on a BnC-ECM. However, if bone cells grown on gelatin were

supplemented with ascorbic acid, then bfGF or 1,25(OH)2D3 elevated the osteocalcin

in the media to concentrations comparable to those of cultures grown on a BnC-ECM.

These results showed that the increase in media osteocalcin concentration by ascorbic

acid in cultures exposed to either bfGF or 1,25(OH)2D3 was independent of the BnC

ECM.

Changes in serum osteocalcin under various experimental and clinical conditions

(37) appears to result from regulation of the rate of osteocalcin synthesis.

Furthermore, 1,25(OH)2D3 acts to increase the rate of osteocalcin synthesis.

Therefore, we sought to determine whether FGF and ascorbic acid elevate the

concentration of osteocalcin in media by decreasing its rate of degradation or by

increasing the rate of production of osteocalcin. To answer these questions we used

cultures grown on gelatin in the presence of various combinations of ascorbic acid,

1,25(OH)2D3 or bFGF.

We assessed whether changes in the rate of osteocalcin degradation contribute to

the differences in the concentration of media osteocalcin observed in response the

treatment with bFGF, ascorbic acid or 1,25(OH)2D3 (Table 7). Purified osteocalcin
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was added to the serum-free media of bone cell cultures at the beginning of the

incubation period. After 48 hrs., the media was retrieved and the total osteocalcin

measured. The total amount of osteocalcin recovered from cultures grown in the

presence of various stimulatory factors was not substantially different from the

amount endogenously produced plus the amount recovered in control cultures. Thus,

ascorbic acid, bFGF, or 1,25(OH)2D3 treatment did not appear to markedly alter the

rate of extracellular degradation of osteocalcin.

Media from control cultures Collected at 0, 24, 48 and 72 hr of incubation in

serum-free media contained no detectible osteocalcin (the limits of detection

corresponded to approximately 0.2 ng osteocalcin/ug DNA). The DNA content of the

cultures rose markedly within the first 24 hours of exposure to each of the treatments

(Figure 23A), and did not increase thereafter. Treatment of the cultures with a single

dose of bFGF, 1,25(OH)2D3 and/or ascorbic acid resulted in a progressive rise in

media osteocalcin concentrations (Figure 23B). Furthermore, we found that

treatment with cycloheximide completely prevented the elevation in media osteocalcin

observed at 48 hrs. under the same treatment regimens as shown in Figure 20 (Table

7). Since the rate of extracellular degradation of osteocalcin is not substantially
affected by treatment of the cultures with 1,25(OH)2D3, ascorbic acid, or bFGF,

these results provide support for the proposal that all three factors act to increase the

rate of production of osteocalcin.

3. Bone cells and the ECM

a) BCE-ECM mi
-

ivity for |ls.

The BCE-ECM has been shown to exert effects similar to those of bFGF on the

proliferation and differentiation of various mesenchymal cells (9,60). We therefore
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examined the ability of BCE-ECM to support bone cell growth (Figure 13). Cells

grown on dishes coated with BCE-ECM grew at a rate comparable to that of cells grown

on gelatin-coated dishes and exposed to 0.7 ng/ml bFGF (average doubling time 15 and

17 hrs respectively). Addition of bFGF (0.7 ng/ml) to cells grown on BCE-ECM

slightly increased the proliferative rate and the saturation density relative to cultures

grown on BCE-ECM in the absence of brCF. These results demonstrate that BCE-ECM

supports the growth of fetal bovine bone cells.

b) Effects of Bno-ECM on osteocalcin expression by bone cells.

In separate studies, we demonstrated that the Bnc-ECM supports the expression

of osteocalcin by bone cells exposed to bFGF, 1,25(OH)2D3, or ascorbic acid (Section

IIID2b). Therefore, we explored the possibility that the ability of the Bnc-ECM to

promote the expression of osteocalcin by bone cells was dependent on bfGF sequestered

in the BnC-ECM (Figure 24). BnC-ECM coated dishes were incubated overnight with

protein A-purified, anti-bfGF polyclonal antibodies. Substrata were washed

thoroughly, then the cells plated (Figure 24). Cells grown on gelatin-coated dishes

served as negative controls. When 1,25(OH)2D3-treated cells were grown on Bnc

ECM-coated dishes that were pre-treated with antibodies to bFGF, the media

osteocalcin concentration was reduced by 52%, relative to cultures where the BnC

ECM was not pre-treated with antibodies. Antibody pre-treatment of cultures exposed

to added bFGF acid reduced the bFGF-Stimulated increase in media osteocalcin

concentration to levels that were not detectible, representing an attenuation of the

response by at least 48%. Antibody pre-treatment of cultures exposed to ascrobic

acid reduced the media osteocalcin concentrations by 63%. In contrast, anti-bRGF
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antibody pretreatment of the BnC-ECM did not alter the osteocalcin response of cells

treated with both 1,25(OH)2D3 and ascorbic acid or to bFGF and ascorbic acid.

These results are consistent with the interpretation that the effects of the Bnc

ECM on osteocalcin production in response to either ascorbic acid, bFGF or

1,25(OH)2D3 were at least partially mediated by Bnc-ECM-bound bfGF. However,

the BnC-ECM may exert a stimulatory effect on osteocalcin production independent of

ECM-bound bfGF, since the attenuation was not complete and since the osteocalcin

response of cultures supplemented with both 1,25(OH)2D3 and ascorbic acid were not

affected by pre-treatment with antibodies. An important caveat to consider when

interpreting the results of this experiment is that it is not possible to be certain that

the anti-bFGF antibodies pre-incubated with the BnC-ECM retained full neutralizing

activity for Bnc-ECM-bound bFGF throughout the experiment.
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IV. Discussion

A. The bovine bone cell model

We developed a cell culture system using explants from fetal bovine calvaria to

investigate possible paracrine or autocrine roles for FGF in the regulation of bone

formation. Therefore, we examined the ability of the bone cells in culture to express

markers considered characteristic of the osteoblast phenotype. These markers

included PTH-responsive adenylate cyclase, the production of skeletal extracellular

matrix proteins (including osteocalcin and osteonectin), high alkaline phosphatase

activity, and mineralization in culture.

PTH caused a dose-dependent increase in the cellular cAMP content to levels 11

fold greater than controls, a magnitude comparable to that described for other bone cell

culture systems (94,139,142). The bone cells also appeared to produce ECM proteins

that are found in skeletal tissue, including osteonectin and osteocalcin. Since the

synthesis of osteonectin is not unique to osteoblasts, yet is characteristic of both

immature and mature osteoblasts in vivo (15), cells expressing the osteoblast

phenotype should produce osteonectin in culture. We provided preliminary

immunocytochemical evidence that the bone cells synthesize osteonectin. The

immunoreactive staining for osteonectin appeared uniform from cell-to-cell,

suggesting that the cells were homogenous with respect to their expression of this

protein.

The bone cells also produced and secreted the extracellular matrix protein,

osteocalcin, into the Culture media. The media concentration of osteocalcin was

increased by treatment of the cells with 1,25(OH)2D3. The induction of osteocalcin

synthesis by 1,25(OH)2D3 is considered a specific response of both normal, and

transformed osteoblast-like bone cells (12,28,142). However, the bovine bone cells

grown with added 1,25(OH)2D3 produced less osteocalcin than primary cultures
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derived from rodent (93) or human (12) sources or from transformed cells selected

to express the mature osteoblast phentoype (112). This difference in osteocalcin

expression between bovine bone cells and the other cell culture models may reflect

trivial differences in either cell culture conditions or species. Alternatively, the

lower amounts of osteocalcin may indicate that the bovine bone cells are immature

osteoblast precursors, not yet fully committed to the osteoblast phenotype. The bone

cells may progressively differentiate over time if exposed to osteoinductive factors,

including FGF and ascorbic acid, as well as 1,25(OH)2D3 (see Section IVD2 for

further discussion).

Bone cells possessed high levels of alkaline phosphatase activity at confluence as

assessed by kinetic methods; these levels were comparable to those obtained from other

primary osteoblast-like bone cultures, including human cells (13), and bovine bone

cells isolated by collagenase digestion methods (139). Although the morphology of the

cells within the cultures appeared uniform, the level of bone cell alkaline phosphatase

activity did not appear uniform as assessed by cytochemical methods. When confluent

cultures were exposed to ascorbic acid for four days, clusters of cells with high

alkaline phosphatase acitivity were interspersed with cells possessing no detectible

activity. Thus, while there was no evidence obtained from either the

immunocytochemical studies or from the cellular morphology that the bone cell

population appeared heterogeneous with respect to cell type, the cells differed from

one to another with respect to their expression of alkaline phosphatase activity.

The level of alkaline phosphatase activity of bone cell cultures is frequently

interpreted as a marker of the degree of osteoblast differentiation; high levels of

alkaline phosphatase are associated with a more differentiated phenotype. In support

of this idea, the alkaline phosphatase activity progressively rises and is temporally

associated with mineralization of the extracellular matrix in chick bone cell cultures
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(51). However, in vivo , histochemical evidence shows that high levels of alkaline

phosphatase are expressed by precursors to osteoblasts, in addition to mature

osteoblasts (21,96). In fact, high levels of alkaline phosphatase activity are

considered one of the earliest markers of osteoprogenitors. Therefore, it is not

possible to conclude that a given cell is more, or less, differentiated with respect to the

terminal osteoblast phenotype, strictly on the basis of its expression of alkaline

phosphatase.

We demonstrated that bone cells growing from the explant tissue produced an

ECM that mineralized in culture, as assessed by positive von Kossa staining.

Mineralization by bone cells derived from explants required the addition of ascorbic

acid and B-glycerophosphate. However, subcultured bone cells did not produce an ECM

that mineralized.

Several explanations may account for the inability of subcultured bone cells to

mineralize their ECM. First, the subcultured bone cells may be less differentiated

than confluent cells grown out from the bone explants, as a result of disruption of the

microenvironment established in confluent explant culture. Thus, mineralization by

the subcultured cells may require a longer time than by cells derived from bone

explants. Alternatively, the ECM produced by the subcultured bone cells may contain

factors that inhibit mineralization. The mechanisms preventing mineralization of the

osteoid adjacent to osteoblasts in vivo are not known. Perhaps factors anchored in the

osteoid adjacent to cells inhibit mineralization. Osteonectin and osteocalcin, both

produced by the bone cells in culture, have been shown to bind Ca2+ and to inhibit

hydroxylapatite formation in solution (reviewed in 18). Further characterization of

the ECM produced by the bone cells in culture may provide greater insight into the

factors controlling mineralization by the bone cells in culture.
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Despite the absence of mineralization, the bone cells produced an extracellular

matrix in culture with functional properties one would expect from an osteoblast

derived bone matrix. The BnC-ECM was mitogenic for both capillary endothelial cells

and bone cells. The Bnc-ECM also promoted the expression of osteocalcin by confluent

bone cells (see Section IVD). Although the synthesis of a bioactive ECM is not

considered a traditional marker of osteoblasts, it is consistent with the Osteoinductive

properties of the skeletal matrix produced by osteoblasts in vivo (116,133).

The bone cell culture system used in these studies provides certain advantages for

evaluating the factors that play a role in the control of bone formation. Other methods

used for studing osteoblast function in culture include organ culture, cloned or

transformed cell lines, and other primary cell culture systems.

The chief advantage of organ culture is that it is useful for the study of the

regulation of bone resorption (134). However, a major disadvantage for the study of

the regulation of bone formation is that it is not always possible to know which cell

type is responding to a given stimulus. Furthermore, whether an exogenous factor

gains access to receptors on the target cell in situ is difficult to determine, as may be

the case when FGF is added to organ culture (27).

Cell lines selected specifically for their expression of the osteoblast phenotype

are particularly useful for studying the mechanisms of a given response, or for

purifying components of cellular response elements. Any phenotypic heterogeneity

apparent within the cultures of cloned cells is most likely to arise from

microenvironmental, autocrine factors, as opposed to heterogeneity of cell types

within the cultures. However, the events leading to transformation are not well

defined, and consequently their influence on any regulatory events under study are not

known. Therefore it is not possible using a transformed cell line to determine whether
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FGF induces progression to a particular stage of osteoblast differentiation, since

immortalization may influence that step in unknown ways.

The primary bone cell culture systems most frequently used to study bone

formation involve the sequential collagenase digestion of fetal bone (e.g. 29,51).

These methods were developed to select for those cells which best express the

biochemical characteristics of mature osteoblasts. Thus these methods may select for

those cells already committed to the osteoblast phenotype, in contrast to our model.

The explant bone cell model provides certain technical advantages over the sequential

digestion method. The fetal calf calvaria is large, minimizing risk of contamination

from surrounding soft tissue during dissection. Also, explants could be frozen, stored,

then thawed to retrieve cells, providing sufficient tissue from a single animal for

many experiments.

In summary, the bone cells expressed markers of the osteoblast phenotype,

justifying their functional classification as osteoblasts. Both their uniform

morphology at confluence, and their uniform staining with anti-osteonectin antisera

suggests that the cells were homogeneous with respect to these characteristics. The

expression of alkaline phosphatase acitivity did not appear uniform. Whether or not

the cells were homogeneous with respect to their secretion of osteocalcin and PTH

stimulated adenylate cyclase activity, as well as their responsiveness to growth factors

can not be determined with the techniques we employed. Thus we are unable to

distinguish between paracrine and autocrine forms of cell communication in these

studies when evaluating the effects of growth factors. This cell culture method may

prove particularly useful for evaluating the factors relevant to the control of

osteoblast differentiation from immature precursors. Furthermore, the ability of the

bone cells to produce an ECM in culture may make this an effective model to study the

role of the ECM in the regulation of osteoblast proliferation and differentiation.
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B. Bone cells produce FGF.

The bone cells contained a mitogen indistinguishable from bfGF. Several

independent criteria were used to confirm this observation. Elution of bone cell

extracts from HS columns with 3M NaCl yielded a major mitogenic peak. The effects of

the 3M NaCl fractions and pituitary-derived bfGF on the proliferation of ACE cells

were similar. Material in the mitogenically active 3M NaCl fractions reacted with

antibodies that specifically recognize bFGF. Furthermore, antibodies against bFGF

recognized an immunoreactive band in the 3M NaCl fraction that has a Mr of 15,000,

identical to that of the bFGF found in several different tissues (7,58). Finally, mRNA

isolated from bone cells contained transcripts that hybridized with bfGF gene probes.

Thus, bone cells appeared to express the transcripts for bRGF and synthesize

biologically active bFGF in culture.

Bone cells also synthesized an afGF-like molecule in culture. Elution of bone cell

extracts from HS columns with 1.0 M NaCl yielded material that competed with aFGF

for binding to anti-afGF antibodies. The amount of immunoreactive aFGF detected in

cultured bone cells was approximately one tenth the amount of immunoreactive bFGF.

The presence of aFGF in bone cells is in agreement with previous observations by

Hauschka et al. (76) which demontrated that biologically active aFGF is present in

both fetal and adult bovine skeletal tissue. Additional mitogenic material from bovine

bone is thought to be bfGF (76). Our results demonstrate that cells derived from bone

may synthesize both of the mitogens detected in skeletal tissue.

We now know that most cells in culture produce bFGF, while the synthesis of

aFGF is apparently restricted to fewer types of cells (60,117). Using these methods

we could not determine whether the aPGF and bFGF were produced by different cells

within the cultures or by the same cells.
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The ability of cells derived from bone to produce aPGF and bFGF suggests that

these growth factors are involved in local autocrine or paracrine forms of

communication between the cells in bone. FGF has been shown to function as a mitogen

for many types of cells that reside in skeletal tissue, including vascular endothelial

cells, fibroblasts, osteoblasts and their precursors (60), one might predict that FGF

will play an important role during anabolic states of skeletal growth which require an

increased number of the various cell types residing in skeletal tissue.

One way that the bFGF produced by osteoblasts might exert delayed local effects

in bone, is if the growth factor were stored in the extracellular matrix. Results from

our studies provide evidence in support of this hypothesis. The BnC-ECM was

mitogenic for ACE cells. Antibodies against bfGF inhibited the mitogenic effects of the

BnC-ECM. Since the BnC-ECM was produced in the absence of exogenously added FGF,

the bFGF-like mitogenic activity must have been produced by the bone cells.

Furthermore, since the mitogenic activity of the BnC-ECM for ACE cells was

completely abolished using anti-bFGF antibodies, factors in the extracellular matrix

other than bFGF do not appear to contribute measurably to its mitogenic effects for ACE

cells. Whether the bFGF present in the BnC-ECM was secreted by the cells or released

during cell lysis is not yet known. Previous studies of the BCE-ECM suggest that the

deposition of bFGF into an extracellular matrix produced by cultured cells is not likely

to be strictly an artifact resulting from the in vitro preparation procedure

(61,135).

The bFGF-like protein produced by bone cells which expressed the osteoblast

phenotype, was also a potent mitogen for bone cells. These results suggested that this

bFGF-like growth factor might function via an autocrine loop to locally stimulate the

growth of skeletal tissue. Local variations in the concentration of bFGF sequestered in

the ECM of bone might help maintain regional differences in bone structure. If so, then
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osteoblasts should be sensitive to local differences in the concentration of FGF. To show

that the bone cells, which expressed characteristic traits of the osteoblast phenotype,

were in fact target cells for FGF, we studied the influence of purified, exogenous FGF on

bone cell proliferation and differentiation.

B. Bone cells are target cells for FGF.

1) EGE as a mitogen.

FGF stimulated the proliferation of the bone cells. The addition of bFGF during

the logarithmic growth phase resulted in both an increased rate of proliferation and an

increased cell density at confluence. The dose of aPGF required to maximally stimulate

proliferation was higher than that of bFGF. This result is consistent with the relative

potencies of aFGF and bRGF for stimulating the proliferation of other cell types (60).

Rodan et al. also showed that aPGF was mitogenic for rodent cells in culture (120).

aFGF treatment caused division of both alkaline phosphatase-rich, as well as alkaline

phosphatase-poor, bone cells (120), suggesting that FGF's target cells include

osteoblast-like cells that express this marker.

bFGF prolongs the lifespan of other cells types in culture (60). However, the

bone cells isolated by explant cultures can not be successfully passaged beyond 20

cumulative population doublings, even with the addition of bRGF. The basal and

maximal bFGF-stimulated growth rates decreased with successive passages while the

FGF dose-dependence did not markedly change. These results suggest that the

relatively short lifespan of bone cells in culture was due to a generalized cellular

senescence, not to a specific decline in the ability of the cells to produce FGF or to

respond to FGF.

aFGF, and probably bFGF, are present in bone (76). In addition, TGFB has been

isolated from bovine bone (126,127) and is produced by osteoblast-like bone cells in
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vitro (118). Since TGFB was shown to inhibit FGF-induced proliferation of capillary

endothelial cells (8,44), as well as to potentiate FGF-induced mesoderm formation

(85), we examined the possibility that the mitogenic response of bone cells to bFGF

was modulated by TGFB. TGFB potentiated both bRGF- and aFGF- induced proliferation.

The final cell density of cultures grown in the presence of a combination of bFGF and

TGFB was twice that of cultures grown in the presence of bfGF alone. Treatment with

TGFB alone did not alter the rate of bone cell proliferation, in contrast to the results of

others (27b,108,118 reviewed in 28) who used different culture systems and

conditions of cell growth. TGFB exerts biphasic effects on the proliferation of rodent

osteoblast-like bone cells that are sensitive to both dose and cell density (27b). This

suggests that the response of rodent bone cells to TGFB is sensitive to autocrine factors

produced within the cultures. Bone cells have been shown to produce both TGFB (118)

and FGF (53, Section IIIB). Thus, the different responses of various bone cell culture

systems to TGFB may be due to differences in exposure of the cells to autocrine growth

factors. Whether the effects of these growth factors are exerted directly on all cells in

the culture, or on a sub-population of cells, is not presently known.

Ascorbic acid also stimulated bone cell proliferation. Ascorbic acid increased the

number of bone cells whether or not they were grown in the presence of FGF, in

contrast to the actions of TGFB. Ascorbic acid is mitogenic for various cell types in

culture (10,35,74,97,123) and is known to exert a broad spectrum of biochemical

effects (reviewed in 36). However, the mechanism of the mitogenic effects of ascorbic

acid is not known. One possible explanation is that ascorbic acid increases the

production of collagen and other ECM components which, in turn, may stimulate cell

proliferation (123). We do not consider it likely that collagen is directly mitogenic

for bone cells, since a purified type I collagen substrate did not stimulate cell

proliferation in our early studies (data not shown). However, ascorbic acid-induced
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collagen production might act indirectly to increase cell number by organizing the ECM

and sequestering bone cell-derived autocrine mitogens, such as bFGF and TGFB. The

importance of ascorbic acid for the production of a stable ECM was evident in our early

technical efforts to develop the Bnc-ECM as an experimental tool.

In summary, we showed that bFGF and afGF were potent mitogens for bone cells

in culture. The influence of FGF on the rate of cellular proliferation was markedly

effected by TGFB, less so by ascorbic acid and not at all by 1,25(OH)2D3. The ability

of FGF to both increase osteocalcin production (vide infra), and to promote division of

alkaline phosphatase-rich cells (120) provides evidence in support of the proposal

that FGF is a mitogen for cells of the osteoblast lineage.

2) EGE as a differentiation factor.

The rate of bone formation in vivo is a product of both the number of osteoblasts

and their activity. We demonstrated that FGF increased the number of bone cells in

culture. We next asked whether bfGF regulated the differentiation of bone cells. In

brief, our results showed that during short-term bone cell culture, bFGF exerted a

prompt and pronounced stimulatory effect on the production of osteocalcin by the bone

cells in serum-free cultures. In contrast, bFGF appeared to inhibit, or have little

effect on the level of alkaline phosphatase and PTH-stimulated adenylate cyclase

activity of bone cells grown in the presence of serum. Thus, while the cell culture

conditions differed, our results support the proposal that the stimulatory influence of

bFGF was specific for osteocalcin production. We propose that the effects of bFGF on

osteocalcin production may reflect its ability to influence the commitment of cells to

an osteoblast phenotype, while stimulating the proliferation of osteoprogenitors.

Although this model can not be proven until unique markers of osteoprogenitors are

available, the following results provide preliminary evidence in support of this idea.
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bFGF stimulated osteocalcin production to concentrations as high as 12-fold

above control levels. This rise in media osteocalcin was dose dependent. Furthermore,

FGF potentiated the effects of 1,25(OH)2D3, a known positive regulator of osteocalcin

production. Canalis and Lian also showed that bFGF increased the osteocalcin content of

media conditioned by calvaria in organ culture, although this effect did not appear

synergistic with 1,25(OH)2D3 in their studies (26). The reason for this discrepancy

is not known.

Several observations support the proposal that the bFGF-induced rise in media

osteocalcin concentration was due to an increased rate of osteocalcin production rather

than a decreased rate of degradation. When pure osteocalcin was added to cultures

treated with bFGF, the additional osteocalcin recovered was approximately equal to the

amount recovered from control cultures. Furthermore, the media osteocalcin

concentration progressively rose over time following the addition of bfGF. Treatment

with cycloheximide eliminated the bFGF-induced rise in media osteocalcin

concentration. Since bFGF did not appear to change the rate of extracellular degradation

and since the osteocalcin concentration of the media rose over time, bFGF, like

1,25(OH)2D3, appeared to stimulate the rate of osteocalcin production by bone cells.

The bFGF-induced increase in osteocalcin production by bone cells may reflect an

elevated rate of synthesis or secretion, or a decreased rate of intracellular degradation.

Evidence from studies on 1,25(OH)2D3,-induced osteocalcin production show that its

effects appear to be due, at least in part, to an increased level of mRNA for osteocalcin

(93,110). However, since the amount of osteocalcin produced in mineralizing rat

osteoblast cultures treated with 1,25(OH)2D3, is not strictly correlated with the

amount of mRNA for osteocalcin, other regulatory mechanisms effecting osteocalcin

production appear to also play a role (93,110). Whether FGF stimulates osteocalcin
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production by mechanisms similar to those of 1,25(OH)2 D3, remains to be

determined.

The alkaline phosphatase activity of bone cells treated with ascorbic acid was

markedly inhibited by a single addition of bFGF in confluent cultures. The reduction in

alkaline phosphatase activity appeared to be due, at least in part, to a reduction in the

number of cells expressing this marker. These results are consistent with those of

Rodan et al., using aFGF (120). When added to cells in the logarithmic growth phase,

bFGF also reduced the adenylate cyclase activity of PTH-stimulated cells. However,

this effect was only observed if the cAMP content of the cultures was corrected by cell

number. The decrease in adenylate cyclase activity appeared to be caused by a reduced

maximal response, as opposed to a shift in the PTH dose-dependence of the response.

These results are consistent with the interpretation that bFGF either inhibits, or has

little effect on these markers of osteoblast differentiation during short-term bone cell

Culture.

The FGF-stimulated rise in osteocalcin production by bone cells in culture may

be an consequence of the ability of FGF to induce osteoblast maturation from an earlier

to a later stage. Osteocalcin is first produced during skeletal development at the same

time as the onset of mineralization (21,96). Mature osteoblasts, as well as other

mesenchymal cells in regions of new bone formation, stain positively for osteocalcin

by immunocytochemical methods (96). These mesenchymal cells are thought to be

osteoblast precursors. Yet, the expression of high levels of alkaline phosphatase

activity precedes osteocalcin synthesis during development (21,96) and is tightly

associated with osteocalcin synthesis in mature osteoblasts of mineralizing bone cell

cultures (51). However, if bFGF increases the number of bone cells committed to the

osteoblast phenotype, then the expression of other markers of osteoblast

differentiation, including alkaline phosphatase and PTH-stimulated adenylate cyclase
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activity, might later increase as a consequence of FGF treatment. Canalis (25)

demonstrated this to be the case when the rate of collagen synthesis in response to FGF

treatment in calvarial organ culture was examined. Whether FGF-treated bovine bone

cells would acquire a more differentiated phenotype with respect to these other

markers, over a longer period of time in culture will require further study.

Another interpretation of our results is that FGF functions as a type of switch for

osteoblast precursors, directing cell differentiation towards one of several possible

osteoblast phenotypes. Fraser and Price (42) showed that different clones of

transformed cells expressed either matrix gla-protein or osteocalcin, but not both, in

response to 1,25(OH)2D3 treatment. They proposed that osteoblasts may be fixed

with respect to the expression of these marker proteins. This idea finds some support

in the observation that not all mature osteoblasts appear to produce osteocalcin in vivo

(23,70). Thus, bFGF may function as one of the switches involved in progression to

the osteocalcin-producing phenotype, representing one subset of the population of

mature osteoblasts.

E. Bone cells and the extracellular matrix.

The osteoinductive properties of bone matrix in vivo have been long appreciated

(114,133). The bone matrix implant model has proven useful for studying the early

events of endochondral bone formation, and has led to isolation of the proteins, and

cloning of the genes involved in the initial control of chondrogenesis (122,140).

However, the later events involved in the formation of bone from a cartilage model may

be more difficult to evaluate using these methods, given the plethora of growth factors

and cells types present in the bone matrix implants during the entire sequence of bone

formation. We have performed preliminary experiments to explore the osteoinductive

properties of ECMs in culture. We showed that two different ECM's, one derived from
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bone cells, the other from corneal endothelial cells, can influence the proliferation and

phenotype of bone cells.

We first examined the ability of ECMs to influence the proliferation of bone cells.

We showed that the BCE-ECM was mitogenic for bone cells, causing an increased rate of

proliferation comparable to that induced by optimal concentrations of bFGF. The BCE

ECM has been shown previously to be mitogenic for other FGF-responsive cells in

culture (64,68).

The BnC-ECM was also mitogenic for bone cells. The mitogenic activity of the

ECMs for bone cells was probably due to their bFGF content since pre-treatment of the

ECMs with anti-bFGF antibodies abolished their stimulation of ACE cell proliferation

(See section IVB). Our results thus showed that the BnC-ECM, as well as the BCE

ECM, may function to sequester bfGF, and thereby stimulate the proliferation of other

FGF-responsive cell types. Similar experiments using anti-bFGF antibody-treated

ECMs will be required to show that the FGF content of the BnC-ECMs is solely

responsible for its stimulation of bone cell proliferation.

The BnC-ECM also promoted the expression of osteocalcin. brCF, 1,25(OH)2D3,

and ascorbic acid each increased the osteocalcin concentration of the media only if the

cells were grown on a BnC-ECM; these factors had no effects if the cells were grown on

gelatin. Pre-treatment of the BnC-ECM with antibodies to bFGF attenuated the

osteocalcin response to added bfGF, 1,25(OH)2D3, or ascorbic acid. Thus, the

influence of the BnC-ECM on osteocalcin production, as well as on cell proliferation,

were at least partially mediated by ECM-bound bFGF. Since, in the presence of any two

of the three factors (i.e. bFGF, 1,25(OH)2 D3, ascorbic acid), the osteocalcin

concentration of the media was elevated regardless of substrate, the BnC-ECM may

have functioned simply to increase the effective bFGF concentration of the cultures. If
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so, then very high concentrations of bFGF would be expected to increase the osteocalcin

content of media from bone cells grown on gelatin. This has not been tested.

These results further suggested that each factor, i.e. bFGF, ascorbic acid, and

1,25(OH)2D3, plays a complementary role in promoting the expression of osteocalcin

by bone cells. This idea is supported by the finding that the factors together caused a

progressive and synergistic rise in media osteocalcin concentrations. Since

fluctuations in serum osteocalcin concentrations appear to closely reflect osteoblast

function in vivo (37) these results emphasized the potential importance of FGF in

regulating bone formation, along with other factors already known to be crucial for

skeletal integrity, including ascorbic acid and 1,25(OH)2D3.

E. Concluding remarks

The synthesis of bfGF by osteoblasts could be a mechansim for the local, positive

feedback regulation of bone formation. Bone continously remodels, placing life-long

demands on cells of the osteoblast lineage to both synthesize bone matrix and to balance

the amount of bone formed with the amount destroyed (119). bFGF is uniquely suited

to stimulate bone formation during the remodeling process for the following reasons.

bFGF is mitogenic for osteoblast-like cells (52,120). In addition, bFGF increases the

production of osteocalcin by cultured bone cells (52, manuscript in preparation) and

in organ culture (26). Although the precise physiological role for osteocalcin is

uncertain, its serum concentration is directly related to the rate of bone turnover

(37). The effect of bRGF on osteocalcin expression is therefore consistent with the

proposal that bFGF stimulates bone formation. Finally, the bFGF synthesized by

osteoblast-like cells can be stored in the extracellular matrix (53). Thus, according

to the model proposed here, during bone formation, FGF is deposited into the

61



extracellular matrix by osteoblasts, subsequently becoming trapped in the mineralized

matrix. Later, in the course of osteoclasis, FGF is either exposed or solubilized in

regions of bone resorption. The bioactive FGF could then function to stimulate the

proliferation of osteoprogenitor cells, and consequently refill the resorption cavity

with newly formed bone. Thus the synthesis of FGF by osteoblasts could result in a

delayed autocrine effect to locally stimulate bone formation.

In addition to functioning via autocrine mechanisms, bFGF may also act via

paracrine mechanisms to regulate bone formation, bone vascularization, or both. The

osteoid in vivo, may function to transmit signalling molecules, such as FGF, between

capillary endothelial cells and cells of the osteoblast lineage. Both cell types are

sensitive to the mitogenic and morphogenic effects of FGF. The mineralization and

vascularization of bone are closely tied in situ. This association is perhaps best

exemplified during the blastemal stage of skeletal development. Furthermore, FGF and

TGFB together have opposite effects on vasular endothelial cell and bone cell

proliferation. TGFB potentiates FGF-induced bone cell proliferation (52) and inhibits

FGF-induced endothelial cell proliferation (8,44). Thus an interesting, if conjectural

role for the opposing actions of these two growth factors may be found in the balance of

tissue growth during skeletal development, when capillary networks succumb to

invasive osseous growth.

In conclusion, results from our studies (52,53, manuscript in preparation) and

others (25,76,120), argues for an important role for FGF in the physiology of bone.

The minimum requirements have now been met for establishing that FGF may be

involved in local regulation of bone formation; FGF is present in bone, osteoblast-like

bone cells are target cells for FGF in culture, and bone cells synthesize FGF-like

molecules in the physiology of bone are regulated by FGF.
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TABLE 1. PTH-stimulated cAMP production by bone cells
Incubation Conditions Growth conditions

Controls bFGF
10 mM acetic acid/0.1% BSA 4.6 + 1.8 4.0 + 0.7

Forskolin (10-5M) 196.0 + 66.0 204.0 + 20.0
PTH (ng/ml)

0.05 11.0 + 3.9 5.7 H- 0.9
0.5 11.8 + 1.2 5.8 + 1.9
5.0 50.9 + 3.0 26.1 + 2.3

50.0 45.6 + 5.6 23.8 + 1.5
500.0 39.0 + 4.0 32.4 + 2.4

Bovine bone cells were plated at 2.0 x 104 cells/35-mm gelatinized dish in DMEM
supplemented with 10% CS, then grown in the presence of absence of bFGF (0.7 ng/ml)
added every other day. After 6 days in culture, cells were rinsed in DMEM, then exposed
to either forskolin (10-5 M), vehicle (10 mM acetic acid and 0.1% BSA), or various
concentration of bRTH (1-24), for 10 min at room temperature. An ethanol extract of
the cells was analyzed for cAMP content by RIA. Cultures were grown in parallel and
then counted on day 6 to correct for cell number. Final cell densities were 2.03 x105
and 3.84 x 105 cells, respectively, for control cultures and cultures grown in the
presence of bFGF. Values are expressed as picomoles of cAMP per 106 cells, and
represent the means # SE of triplicate samples. The data are representative of three
experiments.
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Table 2. Alkaline phosphatase (AP) activity of bone cells.

Ireatment

Controls—bººf
AP (ml] /well)

Subconfluent 9 24
13 16

confluent 21 1 9
25 22

DNA (ug ■ well)
Subconfluent 0.5 1.6

0.6 1.6

confluent 1.3 4.3
0.9 4.2

AP/DNA (mulug)
Subconfluent 20 1 O

17 15

Confluent 16 4
29 5

Bone cells were plated at 24,000 cell/35 mm gelatinized dishes in DMEM
supplemented with 10% CS, then grown in the presence or absence (controls) of bFGF
(0.7 ng/ml) added every other day. When the cultures were subconfluent (day 3) or
confluent (day 5) the cells were recovered in 0.25 M sucrose, sonicated, frozen in
liquid nitrogen, then stored at -80C. After thawing, the samples were analyzed for
alkaline phosphatase activity according to the method of Hausamen (75), and for DNA
content, according to the method of Hinegardner (77). The numbers shown are actual
values of duplicate samples from a single experiment.
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TABLE 3. Effect of bFGF, TGFB, and 1.25 (OH)2D3 on osteocalcin content of media
conditioned by bone cells

Addition Cell Number. Osteocalcin Osteocalcin

(x105) (ng/ml) (ng/10°)cells
Control 1.78 + 0.09 NDa ND N.D.
bFGF (5ng/ml) 1.95 + 0.13 1.7 + 0.3 17.5 + 2.8
TGFB (5 ng/ml) 2.69 + 0.12 ND N.D.
TGFB (5ng/ml)
plus bf6F (5 ng/ml) 3.56 + 0.22 1.8 + 0.1 9.9 + 0.6

1.60 + 0.19 1.8 + 0.2 22.5 + 3.91.25-(OH)2 D3 (3 nM)
Bovine bone cells were plated at 3.0x 104 cells/35-mm dish coated with BCE

ECM, then grown in DMEM supplemented with 10% CS, with the further addition of
growth factors on day 0, 2, and 4. On day 4 media was replaced with serum free DMEM
supplemented with 5 pig/ml insulin and 25 pig/ml transferrin. 1.25(OH)2D3 vehicle
(10 mg/ml BSA) were added on day 4. On day 6, conditioned media was recovered and
analyzed for osteocalcin content by RIA. The remaining cell layer was trypsinized, then
cells were counted. The values are the means it SE of triplicate cultures. The data are
representative of two experiments.

a ND indicates osteocalcin not detectable by RIA (<0.25 ng/ml).
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Table 4
Effects of time in culture on br'GF-induced bone cell
doubling time.

Passage Number
1 2 3

Controls 22 28 29

[bFGF) pg/ml

7 20 25 29

23.3 19 24 30

70 18 23 28

233 17 22 26

700 16 22 24

2330 17 23 25

7000 17 24 25

23,000 17 24 27

70,000 18 25 27

Cells were plated at 30,000 cells/well in gelatinized 35 mm dishes and grown in
DMEM supplemented with 10%CS. The average cell number after overnight
cell attachment was 22,000 cells/dish. FGF was added on day 0 and day 2. After
4 days in culture, the cells were trypsinized, then counted in a Coulter
counter. The experiment was performed successively during the first, second
and third passages. The data shown are the cumulative population doubling
times in hours, calculated as follows:

Doubling Time = t X .693
ln (FD/ID)

where t- time elapsed (3d), FD= final cell density, ID= initial cell density at d1.
The values shown are calculated from the mean of duplicate determinations.
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Table 5. Effect of Substrata on Osteocalcin Content of media from bone Cell Cultures
treated with ascorbic acid, bFGF or 1,25(OH)2D3.

Substrate

Treatment Gelatin BnC-ECM

Experiment 1
Control N.D. N.D.
bFGF N.D. .31 +/-.05
ascorbic acid N.D. .54 +/-. 11
1,25(OH)2D3 N.D. .63 +/-.04

treatment BCE-ECM BnC-ECM

Experiment 2
control .33 +/-.06 N.D.
bFGF .93 +/-.34 .63 +/-.09
ascorbic acid .75 +/-.45 .25 +/-.08
bFGF + ascorbic acid 5.36 +/-.72 4.30 +/-.26

Bone cells were plated at 75,000 cells per 22 mm well, coated with gelatin, Bnc-ECM
or BCE-ECM. The cells were grown for two days in DMEM supplemented with 10% CS.
The media were replaced with serum-free DMEM supplemented with transferrin (25
pg/ml) and insulin (5 pig/ml). bFGF (5 ng/ml), 1,25(OH)2D3 (3 nM) or ascorbic
acid (50 pig/ml) were added as shown in the table. The DNA content of the cell layer
and the Osteocalcin Content of Conditioned media were determined after 48 hr in
culture. N.D. indicates not detectible. The values shown are expressed as
osteocalcin/DNA (ng/ug) and are the means +/- S.D. of three samples. The data are
representative of three experiments.
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Table 6. DNA content of bone cell cultures grown on BnC-ECM in the presence of
bFGF,1,25(OH)2D3 or bFGF.

Treatment No Ascorbic Acid Ascorbic Acid
(50 plg/ml)

Panel A
control 2.21 +/-0. 16 2.22 +/- 0. 1 7
[bFGEl ng/ml
.001 2.70 +/- 0.19 2.76 +/- 0.16
.01 2.55 +/- 0.15 2.86 +/- 0.08
... 1 2.54 +/-0. 1 7 2.67 +/- 0.32
1 2.49 +/- 0.13 2.83 +/- 0.06
1 O 2.42 +/-0.22 3.23 +/- 0.15
1 00 2.44 +/-0. 11 3.09 +/- 0.08
1 000 2.33 +/- 0.19 3.08 +/- 0.20

Panel B
Control 2.50 +/-0.20 2.77 +/- 0.35

[1.25(OH)2P3) nM
.003 2.50 +/-0.20 2.61 +/- 0. 12
.03 2.37 +/- 0.15 2.82 +/-0. 13
... 1 N.T.” 2.74 +/- 0.07
.3 2.53 +/- 0.15 2.95 +/- 0.06
1 N.T. 3.07 +/- 0.06
3 2.10 +/-0.20 2.97 +/- 0.58
1 O N.T. 3.27 +/- 0.21
30 2.40 +/-0. 10 3.03 +/- 0.15
1 00 N.T. 2.87 +/- 0.15

Panel C.
No addition bFGF (5ng/ml) 1,25(OH)2 D3

(3 n M)

Control 1.99 +/- 0.18 2.71 +/- 0.08 1.85 +/- 0.15
[Ascorbic Acid)

pig/ml
.001 2.01 +/- 0.17 2.44 +/-0.24 2.49 +/- 0.33
.01. 2.32 +/- 0.22 2.51 +/-0.41 2.52 +/-0.59
... 1 2.13 +/-0. 12 2.31 +/- 0.13 2.27 +/-0.03
1 2.30 +/-0.14 2.62 +/- 0.24 2.06 +/- 0.22
1 O 2.25 +/- 0.11 2.44 +/-0.44 2.34 +/- 0.10
100 2.17 +/- 0.22 2.32 +/- 0.32 2.21 +/- 0.08

Cells were cultured as described in the legend to Figure 15. The DNA content of the cell
layers was measured according to the method of Labarca and Paigen (88). Values are
expressed as the pig DNA/ dish and represent the means +/- S.D. of triplicate
determinations. * N.T. indicates not tested.
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TABLE 7

in (n ish
No Addition Added Osteocalcin
Cycloheximide

Expected Observed Expected
Observed

Ireatment

Control n.d. 3.2 3.2 1 n.d.
+/- 0.5

FGF + AA 9.6 12.8 17.1 .7 n.d.
+/-3.4 +/- 1.3

1,25 + AA 1.4 4.6 6.3 .7 n.d.
+/- 0.1 +/- 0.9

FGF + 1,25 5.9 9. 1 7.3 1.2 n.d.
+/- 0.5 +/- 1.2

FGF-1,25+AA 35.8 39 36.8 1.1 n.d.
+/- 2.8 +/- 1.0

DNA/disl ■ 'dish)

No Addition Added Osteocalcin
Cycloheximide

Treatment

Control 1.77 2.01 1.95
+/-.09 +/-.21 +/-. 18

FGF + AA 2.64 2.70 2.13
+/-.21 +/-. 48 +/-.21

1,25 + AA 1.83 1.92 1.95
+/-.09 +/-. 15 +/-.06

FGF + 1,25 2.46 2.46 2.25
+/-. 15 +/-.45 +/-.06

FGF + 1,25+ AA 2.70 2.76 2.13
+/-. 15 +/-. 30 +/-.21

Table 7 continued next page.
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Table 7-continued

Osteocalcin/DNA (ng/ug)
No Addition Added Osteocalcin
Cycloheximide

Control n.d. 1.6 n.d.
+/-.4

FGF + AA 3.6 6.4 n.d.
+/- 1.1 +/-.4

1,25 + AA 1.1 3.3 n.d.
+/-.03 +/0.3

FGF + 1,25 2.6 3.0 n.d.
+/-.4 +/- 0.2

FGF + 1,25+ AA 13.3 13.5 n.d.
+/- 1.5 +/- 1.2

Bone cells were plated at 75,000 cells per 22 mm gelatin-coated wells. The cells
were grown in DMEM supplemented with 10% CS for two days. The media were
replaced with serum-free DMEM supplemented with transferrin (25 ug/ml) and
insulin (5 ug/ml). bfGF (5 ng/ml), ascorbic acid (50 ug/ml), and/or
1,25(OH)2D3 (3m/M) were added as shown in the figure. Selected cultures were also
supplemented with either cycloheximide (2 ug/ml) or pure bovine osteocalcin (4.6
ng/dish). The values for the amount of osteocalcin expected to be retrieved from the
dishes (panel A) were determined as the amount in cultures not supplemented with
additional osteocalcin, plus the amount of osteocalcin retrieved from control cultures
supplemented with osteocalcin. N.D. indicates not detectible. Values shown are the
means +/- S.D. and are representative of two separate experiments.
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Figure Legends

Figure 1

Morphological appearance of bone explants. Bone explants from 3-4 month old

fetal calf calvaria (shown on the left of the photomicrograph) were placed in

gelatinized dishes and maintained in DMEM supplemented with 10% CS. bFGF (1

ng/ml) was added after 5 days in culture. Pictures were taken on day 7 with a Nikon

phase-contrast microscope.

Figure 2

In vitro mineralization by bone cells. Bovine bone cells migrated from fetal calf

calvarial explants in 35-mm gelatinized culture dishes maintained in DMEM

supplemented with 10% CS and 0.7 ng/ml bFGF. After confluence was achieved, the

media was replaced and cells cultured in the absence (A) or presence (B) of 100

ug/ml ascorbic acid and 10 mM B-glycerophosphate. Media and supplements were

replaced after three days and by the fourth day, mineralized nodules appeared in

cultures containing ascorbic acid and Bglycerophosphate. Cultures were fixed in 1%

formalin, and stained using the von Kossa method (42).

Figure 3

| hemical evid f
-

ion by Ils i

culture. Bone cells were plated on gelatined coverslips at 4000 cells/cm3 and grown

in DMEM supplemented with 10% CS. After 5 days in culture, the cells were fixed for

1 min. in methanol, incubated with 3% normal goat serum, followed by incubation

with either normal rabbit serum (A) or rabbit anti-osteonectin antiserum (C) at a

1/100 dilution. The cultures were then incubated wtih fluorescein-conjugated, goat,

anti-rabbit IgG (1/500), followed by a 30 min incubation in Hoechst dye (1/200).

The immunofluorescent images are shown at ~1000 magnification in panels A and C,

and their corresponding Hoechst-dye stained nuclei are shown in panels B and D.

83



Incubation with normal rabbit serum used in place of the anti-osteonectin antisera

(A), resulted in diffuse staining clearly distingushable from the punctate staining

pattern obtained using anti-osteonectin antisera (C). No differences in staining

properties between FGF-treated and control cells were observed.

Figure 4

bone cells. Extracts from bone cells were applied to a HS affinity column. Material

bound to the column was eluted stepwise with increasing concentrations of NaCl, as

indicated. For determination of bFGF-like bioactivity, aliquots of the fractions were

diluted five-fold in 0.2% gelatin in calcium and magnesium free phosphate-buffered

saline. Aliquots (10 ul) were added every other day to ACE cells (A) that were seeded

at 2 X 104 cells per 35 mm dish or to bone cells (B) that were seeded at 3 X 104 cells

per 35 mm gelatinized dish. Control dishes (labelled C) received only gelatin in

saline. Additional dishes received pituitary-derived bfGF at 1.0 ng/ml for the ACE

cells, or 0.7 ng/ml for the bone cells. The cells were counted in a Coulter Counter

after 4 days. Cell numbers represent the means of duplicate determinations. Aliquots

of the fractions were tested for bFGF-like immunoreactivity (hatched bars) and aFGF

like immunoreactivity (closed bars) by RIA (A). The absence of bars indicates

undetectable amounts of immunoreactive FGF in any given fraction. The data are

expressed as ug FGF-like immunoreactivity per ml fraction. The data are

representative of two experiments.

Figure 5

ACE cells (A) were seeded at 2.0 X 104 cells/35 mm dish and bone cells (B) were

seeded at 3.0 x 104 cells/35 mm dish. Diluted aliquots of the peak 3M NaCl fraction
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from purified bone cell extract (Fraction 19, Fig. 1) (open circle) or pituitary

derived bf{GF (closed circle) were added to the cells every other day. The cells were

counted in a Coulter Counter after four days. Cell numbers represent the means of

duplicate determinations. The data are representative of two experiments.

Figure 6

i- -- -- - -
liferati

by purified bone cell extract. ACE cells (A) were seeded at a density of 2 X 10°

cells/35 mm dish and bone cells (B) were seeded at 3 X 104 cells/35 mm gelatinized

dish. Protein A-purified, anti-bfGF polyclonal antibodies were diluted in calcium and

magnesium free phosphate-buffered saline then added every other day to the cells.

Controls consisted of cells grown with the addition of calcium and magnesium free

phosphate-buffered saline alone (open bars) or with the addition of anti-bfGF

antiserum depleted of bfGF immunoneutralizing activity by passing the protein-A

purifed antibodies over a bFGF affinity column (hatched bars). After the addition of

10 ug/ml antibodies (solid bars), (0.1 ng/ml), the peak 3M NaCl fraction from the

purified bone cellextract (2 ul/ml), or gelatin-buffered saline (no addition) were

added to the dishes as indicated. The cells were counted in a Coulter Counter after 4

days. Cell numbers represent the means +/- SD of triplicate determinations. The data

are representative of two experiments.

Figure 7

Western blot analysis of purified bone cell extract. Twenty-five microliters of

peak 3-M NaCl activity from the purified bone cell extract (lane 1), 50 ng

recombinant human bFGF (lane 2), pituitary-derived bfGF (lane 3), kidney-derived

(des-1-15)bFGF (lane 4) were loaded onto a 15% polyacrylamide gel,

electrophoresed in the presence of 0.1% sodium dodecyl sulfate, and transferred to a
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nylon membrane. The membrane was then incubated with anti-bFGF polyclonal

antibodies (10 ug/ml) and exposed to goat antirabbit biotinylated antibody, and bound

antibody was visualized using an alkaline phosphatase-avidin conjugate.

Figure 8

hybridization with a bBGE-specific cDNA probe. Aliquots of poly A-selected RNA

prepared from bone cells (10 ug), vascular smooth muscle cells (VSM, 10 ug) were

analyzed for the presence of bfGF transcripts with a bfGF-specific gene probe,

described in Materials and Methods. The data are representative of two experiments.

Figure 9

Effects of Bnc-ECM coated substrata on the proliferation of ACE cells. Bone cells

isolated from 3-4 month old fetuses were seeded at 5.0 X104 cells per 1.5 cm tissue

culture dishes with their surfaces crosslinked to gelatin. Cells were grown in DMEM

supplemented with 10% calf serum and 5% dextran. After confluence was achieved,

the media were further supplemented with ascorbic acid (0.5 ug/ml) and changed

every 3 days. After 9 days in culture, the cells were lysed using ammonium hydroxide

(20 mM), leaving the extracellular matrix intact. Dishes coated with BnC-ECM were

then washed in PBS. Protein A-purifed, polyclonal antibodies specific for bf{GF (30

ug/dish) were diluted in serum-free DMEM, then added to dishes coated with gelatin,

BCE-ECM, or Bnc-ECM. Additional controls consisted of dishes treated with anti-brGF

antisera depleted of bRGF immunoneutralizing activity by passing the protein A

purified antibodies over a bHGF affinity column (Control Ab). After 16 hours of

incubation at 37 C, the dishes were washed twice in DMEM containing 10% calf serum.

ACE cells were seeded at 5 x 103 cells per well. bfGF (1 ng/ml) was added to controls

on days 0 and 2 as indicated in the figure. After 4 days in culture the cells were
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trypsinized, then counted using a Coulter counter. The data represent the mean +/-

S.D. of triplicate determinations and are representative of three similar experiments.

Figure 10

Density dependent growth of bone cells. Bone cells were plated at various cell

densities, from 850 to 34,000 cells/35 mm gelatinized dishes in DMEM supplemented

with 10% CS. The cells were grown in the absence (filled squares) or presence (open

squares) of bFGF (1 ng/ml) added every other day. The cells were trypsinized, then

counted in a Coulter counter on day 5 (plating densities 17,000-34,000) or day 7

(plating densities 850-11,300). Values are the means of duplicate samples.

Figure 11

Serum-dependent growth of bone cells. Bovine bone Cells were plated at 2X 104

cells/35-mm gelatinized dish in DMEM supplemented with increasing concentrations

of calf serum in the absence (filled square) or presence (open square) of bRGF (1

ng/ml). bFGF was added on day 0 and day 2. After four days in culture, cells were

trypsinized and counted in a Coulter counter. Values are the means of duplicate

samples.

Figure 12

A, bFGF dose-response. Bovine bone cells were seeded at 2 X 104 cells/35-mm

gelatinized dish in DMEM supplemented with 10% CS and increasing concentrations of

bFGF in the absence (filled circle) or presence (open circle) of a fixed concentration

of TGFB (5 ng/ml). Growth factors were added on day 0 and day 2. After 4 days in

culture, cells were trypsinized and counted in a Coulter counter. The final density of

cultures exposed to serum-supplemented media was 71,000 +/-7,000 (SE). Values

are the means +/- SE of duplicate determinations from two experiments. B, aFGF dose
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response. Bovine bone cells were grown as described in A in the absence (closed

circle) or presence (open circle) of a fixed concentration of TGFB (5 ng/ml). The

final density of cultures exposed to serum-supplemented media was 88,000 +/-

3,000 (SE). Values are the means +/- SE of duplicate determinations from two

experiments.

Figure 13

Eff bFGE and BCE-ECM functi Í ti | liferati

cells. Bovine bone cells were seeded at 2 X 104 cells/gelatinized dish (closed circles,

open circles} or BCE-ECM coated dish (closed squares, open squares). Cells were

grown in DMEM supplemented with 10% CS in the absence (closed circles, closed

squares) or presence (open circles, open squares) of bfGF (0.7 ng/ml). bfGF was

added on day 0, 2 and 4. Media was changed on day 5. The cells were counted in a

Coulter counter. Values are the means +/- SE of triplicate determinations.

Figure 14

time in culture. Cells were grown in explant culture. After the cultures were

confluent, the cells were trypsinized, then plated at 3 X 104 cells/35 mm gelatinized

dish in DMEM supplemented with 10% CS. Various doses of bFGF were added on day 0

and day 2. After 4 days in culture, the cells were trypsinized then counted in a

Coulter counter. The experiment was performed successively during the first

(triangles), second (diamonds) and third (squares) passages. These data are

expressed in terms of doubling time in table 4.

Figure 15

Eff Li
- -

f IGE■ bEGF-ind | liferati f

bone cells. Bone cells were seeded at 2 X 104 cells/35-mm gelatinized dish in DMEM
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supplemented with 10% CS and increasing concentrations of TGFB in the absence

(closed circles) or presence (open circles) of a fixed concentration of bFGF (0.7

ng/ml). Growth factors were added on day 0 and day 2. The cells were counted in a

Coulter counter after 4 days in culture. The final density of cultures exposed to

serum-supplemented media was 9.3 X 104 cells per dish and that of cultures

supplemented with 0.7 ng/ml was 2.61 X 105 cells per dish. Values are the means

+/- SE of duplicate determinations from two separate experiments.

Figure 16

Eff TGF■ functi | ti bFGF-induced proliferati [ ] |ls.

Bovine bone cells were seeded at 2 X 104 cells/35-mm gelatinized dish in DMEM

supplemented with 10% CS, in the absence (closed circles) or presence (open circles)

of bFGF (0.7 ng/ml) (open circles) or both TGFB (5 ng/ml) and bFGF (0.7 ng/ml)

(open squares). Growth factors were added on day 0, 2, and 4. The cells were counted

in a Coulter counter. The densities of cultures supplemented with TGFB (5 ng/ml) on

day 3 and day 5 did not differ from that of cultures grown in 10% CS-supplemented

media alone (79,000 +/-2100 cells/dish and 145,400 +/-6600 cells/dish,

respectively). Values are the means +/- S.E. of triplicate determinations. The data

are representative of two experiments.

Figure 17

Morphological appearance of bone cells. Bone cells were plated at 2 X 104

cells/35-mm gelatinized dish in DMEM supplemented with 10% CS in the absence (A)

or presence of 0.7 ng/ml bFGF (B), 5 ng/ml TGFB (C) or both 0.7 ng/ml bFGF and 5

ng/ml TGFB (D). Growth factors were added on day 0 and day 2. Pictures were taken

on day 4 with a Nikon phase-contrast microscope; bar- 10 um.

Figure 18
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Effects of bfGE, 1,25(OH)2D3- and ascorbic acid on the proliferation of bone
cells as a function of time. Bovine bone cells were seeded at 3000 cells/cm3 in

gelatinized dishes. Cells were grown in DMEM supplemented with 10% CS in the

absence or presence of bFGF (0.7 ng/ml), 1,25(OH)2D3 (3m/M) or ascorbic acid (50

ug/ml), as indicated in the figure. The media were changed and the factors added every

other day. Cells were trypsinized then counted in a Coulter counter at the indicated

times. Values are the means +/- SD of triplicate determinations from a single

experiment.

Figure 19

Effects of ascorbic acid and bfGE on alkaline phosphatase activity. Bone cells

were plated at 3 X 104 cells/cm2 gelatinized dishes. Cells were grown in DMEM

supplemented with 10% CS for two days. The media were changed, and ascorbic acid

(50 ug/ml; C,D) or bfGF (0.7 ng/ml B,D) added. The media was changed after a

further three days, with the addition of ascorbic acid, but not bFGF. The following day,

the cultures were fixed in methanol and stained for alkaline phosphatase, as described

in the Materials and Methods. The data are representative of two experiments.

Figure 20

Dose-dependent effects of bfGE, 1,25(OH)2D3 and ascorbic acid. Bone cells

were plated at 75,000 cells/22 mm BnC-ECM coated wells. The cells were grown in

DMEM supplemented with 10% CS for two days. The media were replaced with serum

free DMEM supplemented with transferrin (25 ug/ml) and insulin (5 ug/ml). The

media were further supplemented with various factors (see below). After a further 2

days in culture, the media were recovered for analysis of osteocalcin content by RIA,

and the cell layers retrieved for analysis of DNA content. Values represent the means

+/- S.D. of triplicate samples. A, bFGF dose-response. Cultures were supplemented
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with various concentrations of bfGF in the presence (open squares) or absence (closed

squares) of a fixed concentration of ascorbic acid (50 ug/ml). The open diamond

depicts the osteocalcin concentration of media from cells treated with ascorbic acid

alone (50 ug/ml). The data are representative of two experiments. B, 1,25(OH)2D3

dose-response. Cultures were supplemented with various concentrations of

1,25(OH)2D3 in the presence (open circles) or absence (closed circles) of a fixed

concentration of ascorbic acid (50 ug/ml). The open diamond depicts the osteocalcin

concentration of media from cells treated with ascorbic acid alone (50 ug/ml). The

data are from a single experiment. C, ASCorbic acid dose-response. Cultures were

supplemented with various concentrations of ascorbic acid in the presence of fixed

concentrations of bFGF (5 ng/ml),(open squares), or 1,25(OH)2D3 (3 nM), (open

circles). The data are representative of two experiments.

Figure 21

Dilution analysis of bone cell conditioned media by Blà Media from Samples

shown in Figure 15, were pooled. The cultures were treated with 1,25(OH)2D3

(100,nM), (closed circles), or both 1,25(OH)2D3 (50 nM) and ascorbic acid (50

ug/ml), (open circles). [125I]-osteocalcin and anti-osteocalcin antibodies were

incubated with various volumes of conditioned media or pure bovine osteocalcin

(triangles). Osteocalcin binding is expressed as the fraction of [125I]-osteocalcin

specifically bound in the presence of either conditioned media or osteocalcin standard,

relative to the amount bound in the absence of added osteocalcin. Values represent the

means of duplicate determinations.

Figure 22

Substrate dependence of osteocalcin expression Bone cells were plated at 75,000

cells per 22 mm well, coated with gelatin (open bars) or Bnc-ECM (closed bars). The
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cells were grown in DMEM supplemented with 10% CS for two days. The media were

replaced with serum-free DMEM supplemented with transferrin (25 ug/ml) and

insulin (5 ug/ml). bFGF (5 ng/ml), ascorbic acid (50 ug/ml), and/or

1,25(OH)2D3 (3 nM) were added as shown in the figure. The DNA content of the cell

layer (A) and the osteocalcin content of conditioned media (B) were determined after

48 hr in culture. Values shown are the means +/- SD of triplicate samples. The data

are representative of two experiments.

Figure 23

Osteocalcin production over time by bone cells. Bone cells were plated at 75,000

cells per 22 mm gelatin-coated wells. The cells were grown in DMEM supplemented

with 10% CS for two days. After two days, the media were aspirated then replaced

with serum-free DMEM supplemented with transferrin (25 ug/ml), and insulin (5

ug/ml). bfGF (5 ng/ml), ascorbic acid (50 ug/ml) and/or 1,25(OH)2D3 (3m/M)

were added as shown in the figure. The DNA content of the cell layer (A), and the

osteocalcin content of the conditioned media (B), were determined after the times

depicted in the figure. Osteocalcin was not detected in control cultures. Values shown

are the means +/- SD of triplicate determinations. The data are representative of two

experiments.

Figure 24

osteocalcin expression Bone cells were plated at 75,000 cells/22 mm well, coated

with gelatin (open bars), Bnc-ECM (shaded bars) or Bnc-ECM pre-treated with

anti-bFGF antibodies (hatched bars). The cells were grown in DMEM suplemented

with 10% CS for two days. The media were replaced with serum-free DMEM

supplemented with transferrin (25 ug/ml), and insulin (5 ug/ml). bFGF (5 ng/ml),
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ascorbic acid (50 ug/ml) and/or 1,25(OH)2D3 (3m/M) were added as shown in the

figure. The DNA content of the cell layer and the osteocalcin content of conditioned

media were determined after 48 hr in Culture. Values shown are the means +/- SD

of triplicate samples from a single experiment.
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ascorbic acid

bovine adrenal Cortex-derived vascular endothelial cells

acidic fibroblast growth factor

basic fibroblast growth factor

bovine Corneal endothelium-derived extracellular matrix

baby hamster kidney fibroblasts

bone Cell-derived extracellular matrix

bovine Serum albumen

Calf Serum

Dulbecco's Modified Eagle's medium

extracellular matrix

refers to both, or either, aFGF or bFGF
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matrix gla protein

phosphate buffered saline
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transforming growth factor, B

1,25-dihydroxy Vitamin D3
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