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ABSTRACT

The major aim of this work was to develop a cell culture system in which

changes in the rate of synthesis of intervertebral disc (IVD) matrix molecules could be

evaluated in cells of animais of different ages. In partieular, the synthesis of the large

aggregating proteoglyeans (PGs) and of decorin (DeN) and biglycan (BON) were

investigated. In addition, the potential use of growth factors to modulate the

anabolism of these molecules was also studied. The results of these studies have

demonstrated that the age related decline in PG biosynthesis observed in human disc

tissue can be reflected in a bovine disc cell culture model. The three dimensional

alginate bead cell culture model was effective in maintaining the phenotype of dise

cells from both annulus fibrosus (AF) and nucleus pulposus (NP) regions in the

presence of serum. Differences in phenotype of these respective cells were illustrated

in vivo by the patterns of resident PGs obtained from tissue extractions. In the AF of

young animais, the predominant fonn observed was a small PO farm while in the NP

of ail age groups, aggrecan was the major species. In vitro collagen analyses

confirmed the different phenotype of eells from the AF and NP regions. Also, TGF-~ 1

was effectively used to stimulate over ail PO synthesis in NP eells from and young

adult bovine. After 10 days in culture, TGF-~I treated cells showed similar relative

amounts of the small PGs compared to aggrecan as those detennined from tissue

extractions.



RÉSUMÉ

L'objectif principal de ce travail était de développer un modèle de culture

cellulaire permettant d'évaluer le taux de synthèse des molécules de la matrice du

disque intervertébrale (DIV) pour les cellules d'animaux d'âge différents. En

particulier, la synthèse des protéoglycanes (PGs) de haut poids moléculaire à capacité

d'agrégation, ainsi que celle de la décorine (DeN) et du biglycane (BON), a été

étudiée. De plus, la capacité des facteurs de croissance à moduler l'anabolisme de ces

molécules a été testée. Les résultats de ces travaux ont montré que la diminution de la

biosynthèse des PGs qui est observée avec l'âge dans le DIV humain peut être

reproduite dans les cultures du disque bovin. Le modèle de culture tridimensionnel en

billes d'alginate a permis de maintenir le phénotype des cellules issues de l'annulus

fibrosus (AF) et du nucléus pulposus (NP) du disque, ceci en présence de sérum. Des

différences de phénotype entre les cellules de l'AF et du NP ont pu être mises en

évidence après l'analyse des profils des Pas résidents obtenus à panir d'extraits

tissulaires. Dans l' AF des animaux jeunes. la forme dominante est un PO de faible

poids moléculaire alors que dans le NP, quel que soit l'âge des animaux, l'aggrécane

est la fonne la plus représentée. Les analyses du collagène réalisées in vitro ont pennis

de confinner la différence de phénotype entre les cellules du NP et de l'AF du DIV.

L'addition de TGF-~ 1 a permis de stimuler la synthèse de l'ensemble des PGs par les

cellules du NP du disque de bovins jeunes ou adultes. Après 10 jours de culture, les

cellules traitées avec le TGF-~ 1 présentent un niveau du PO de faible poids

moléculaire rapporté à l'aggrécane comparable à celui mesurer à partir des extraits

tissulaires.
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1) INTRODUCTION:

1.1) The anatomieal structure of the intervertebral dise:

The human spine comprises 23 intervertebral dises (IVDs) which provide

an articulation between spinal segments (Hukins D.W., 1988), six of whieh make

up the lumbar region. Dises are commonly divided into two distinct zones eaeh

with eharacteristic properties. Figure 1 shows a top view of an IVD indicating the

structures relevant to this work. Th~ annulus fibrosus (AF), rich in coliagen,

encloses the more gelatinous nueieus pulposus (NP). Between these two zones is a

highly active tissue, the intermediate zone (transition zone), which has been

described as having a parallel role with respect to the NP as the epiphyseal growth

plate to articular cartilage (Hurnzah M.D et. al., (988). On each vertebral surface,

there are canilaginous end plates which are comprised of a layer of matrix similar

to that found in hyaline cartilage. The end plates contain the NP and are known to

be important in the nutrition of the disco The AF is bound to the vertebral surface

via structures known as Sharpey's fibres (Oegema T.R. Jr., 1993).

POSTERIOR

ligament

annulus
fibrosus (AF)
intermediate
zone (IZ)

nucleus
pulposus (NP)

ANTERIOR

Figure 1.Top view of an intervertebral dise showing th~ structures relevant to this
study.



1.2) Composition of the intervertebral dise matrix:

Proteoglycans: The ND matrix contains 10-20% per dry weight and

approximately 50% proteoglycan (PG) per dry weight of tissue in the AF and NP

resPectively. Both aggregating and non-aggregating PGs are found in the dise. The

most prominent form of PG in the IVD is aggrecan (McDevitt C.A., 1988). This

fonn of aggrecan is slightly smaJler than that found in arlieular cartilage, probably

due to different postranslational processing (Buckwalter J.A et. aL, 1989).

Aggrecan consists of a core protein lo which is added chonùroitin sulphale (CS)

and keratan sulphate (KS) glycosaminoglyean (GAG) chains (Heinegard D.•

1977). The core protein is divided into various domains. A short KS binding

domain with two CS binding regions further toward the carboxy terminus.

Flanking these regions to the N-terminal are two globular domains Gland 02. G 1

is known to be important for aggregation with hyaluronic acid (HA) in conjunction

with link protein. The 02 domain does not interact with HA and ilS funclion is as

of yet unknown (Fosang AJ et. al., (989). On the carboxy-terminaJ side of the

GAG binding domains is the third globular domain G3, which contains a growlh

factor binding domain and a leelin-like sequence. The 03 domain is cleaved off

soon after secretion of the aggrecan molecule and ilS function is as of yet unknown

(Hardingham T.E et. aL, 1992). Figure 2a depicts a representation of the aggrecan

monomer and 2b shows the manner in which monomers aggregate with HA in the

extracellular matrix via the globular domain G1 (black triangles) and stabilised by

Iink protein (white circles). GAG chains constitute repeating disaccharide units of

N-acetyl-glucose or galaetosamine Iinked to glucuronic or iduronic acid or to

galactose. Chain lengths vary in the range 20 to 80 repeats dePending on the GAG

species. Figure 3 shows the detailed structures of the common disaccharide units

which make up the GAG chains commonly found in the disc PGs. The substitution

with numerous negative charges on these sugars in the fonn of carboxyl and

sulphate groups imparts a high osmotic potential to PO moleeules.
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Gl G2
K5 rich
regIon

G3
CS rich region

hyaluronate--....

a)
link protein----~

hyaluronate

b)

keratan
sulphate
chain (K5) ""."chondroltln

sulphate
chain (CS)

Filure 2. Structure of aggrecan a) An aggrecan monomer indicating the major
domains of the core protein. b) Aggregation of several aggrecan
monomers by linkage to hyaluronic 3Cid via the G 1 domain (black
triangles) and stabilised by link protein (white cireles).

Small PGs are comprised of short core proteins, belonging to the

ribonuclease inhibitor family, containing leucine rich repeats and one or two GAG

chains (Scott J.E., 1996). The core proteins have a molecular mass in the range of

45 k.Da to which are attached one or IWO GAG chains. Decorin (DeN) is

substituted with a single dermatan sulphate (OS) chain while biglycan (BGN) has

two chains composed of CS or OS. 80th DCN (Schonherr E., Hausser H et. al.,

1995; Svensson L et. aL, 1995) and BON (Schonherr E., Witsch-Prehm P et. al.,

1995) are known to bind to type 1collagen. DeN has also been shown to interaet

with type n collagen, inhibiting its fibrillogenesis (Vogel K.G et al., (984). One of

3



the funetions of these small PGs has been speculated ta be the regulation of

collagen fibril diameter (Weber I.T et. aL, 1996; Pins G.D et. aL, 1997; Danielson

K. G et. al., (997). BGN contains a Transforming Growth Factor ~ (TGF-~)

binding domain which may function as a natural inhibitor or reservoir of this

growth factor within the matrix (Hildebrand A et. al., (994).

Both DeN and BGN have already been identified within the dise

(Roughley P.l et. aL, 1993). The concentration of the small PGs is highest in the

AF, reflecling the: association of DeN and BGN in collagen rich areas of (he dise

(Cole T.C et. al., 1985; Johnstone B et. aL, 1993).

PG synthesis can he divided into three major events. The first is the

translation of mRNA into the core protein follo\\'ed by transport from the lumen of

the ER tO the golgi. Within the golgi. GAG chains are added to the core proteins

beginning in the cis-region (Freeze H.H et. aL, 1993), and thirdly GAG chain

elongation and sulphation in the trans compartrncnt (Wong-Palms S et. al.. 1995).

Chondroi ti n
4 and 6
sulphate

Keratan
sulphate

0- "'1 ...31

H NHCOCH,

No""'".............

~
coo-o /IlQ-':~CH20~o,-

6 0 ,.,_.,
OH 1

H NHCOCHJ

DoGIucufoNc NoAatyl-.... ~...........

Dermatan
sulphate

FllUre 3. Structures of the disaccharide units which constitute the
glycosaminoglycan chains of the various proteoglycans found in the
intervenebral dise. (Adapted from Damell J et. al., 1990. Molecular
Cell Biology, 2nd Ed. Scientific American Books. Page 917).
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Co/llIren: Types 1 and D collagen are the two most prominent collagens

found in the IVD matrix. 80th are fibrillar molecules comprised of three alpha

chains intertwined in a triple helix. Type 1 collagen is heterogeneous, containing

two identical a-I chains and one a-2 chain. In contrast, type D collagen is made up

of three identical alpha chains. Other minor collagens round in the IVD matrix

include types m,VI, IX, X and XI.

On a dry weight basis, AF tissue contains 65-70% collagen. The outer AF

is enriched in type 1collagen and lhas proportion decreases in the inner lamellae,

with an increased type D collagen content (Hukins D.W., 1988; Oegema T.R. Jr.~

1993). In contrast the NP contains about 25% collagen by dry weight. Type n

collagen concentration is highest in the centre of the NP and decreases radially

toward the outer AF. Type 1collagen, synthesised by fibroblastic eells, is found in

tissues where elasticity is required for their function such as in tendon, skin and

bone. Type n collagen, produced by chondrocytic cells, is abundant in cartilage

and NP tissues (Miller EJ., 1976; Oegema T.R., 1993).

Cells of the IVD: More than one cell type appears to be present in the

different regions of the IVD (Chelberg M. K et. al., 1995). Histological studies

have shown that the cells of the AF are more elongated characteristic of

tibroblastic cells. In CGntrast, the cells of the NP tended to be more rounded as are

those found in hyaline cartilage. Immunohistochemical studies have also

suggested that the molecules secreted by these respective cells are consistent with

their morphologies. Type 1 collagen was localised within the AF while type n
collagen was predominant in the matrix of the rounded NP cells.

The NP is thought to be populated by both notochordal and mesenchymal

cells. In development, the notochord gives rise to the tissue which becomes the NP

(Taylor J.R., 1975). Notochordal ceUs are gradually eliminated from the cell

population in humans before 30 years of age (Hurnzah M.D et al., 1988). The

chondrocytes which replace these cells in the adult NP are derived from the lZ of

the young animal (Salisbury J.R et. aL, 1988). In young dises, PGs are CS rich and

with increasing age, aggrecan molecules tend to have a greater KS to CS ratios

(Taylor J.R et. aL, 1992; Scott J.E et. al., (994). In contrast, AF cells are of

mesenchymal origin, developing from the perichordal mesenchyme. These cells

5



eventually secrete the matrix molecules which form the lamellae of the AF

(Hurnzah M.O et. aL, 1988).

1.3> Intervertebral dise function:

The ligamentous nature of the AF is important in bending and twisting

motions (Ebara S et aL, 1996) while compressive forces on the spine are

distributed by the NP (Hukins D.W., (988).

Collagen fibres are known [0 streldl in olher da~tic tissues such as tendon

and ligament, while they can aJso resist compression. The importance of rhese

properties in the function of the AF is best illustrated in side bending motions.

Type 1collagen fibres arranged in parallel to the axis of the spine will be stretched

on the side opposite to the direction of the bend and compressed on the same side

as the direction of the bend.

The richness in aggregating PG is important in the function of the NP. The

osmotic potential of aggrecan molecules is such that they attract water due to their

highly negative charge imparted by the sulphate and carboxyl groups present on

GAG chains. Since they are unable to diffuse out of the surrounding collagen

matrix, water is released during periods of high mechanical load and tlows back

into the matrix with removal of the load (Kraerner l, 1995).

1.4) Low back pain and IVD degeneration:

Low back pain is the cause for reduced quality of life and major economic

loss. Sorne studies have estimated that up to 80% of the aging population will be

affected by this condition (Nachemson A.L., 1985) with an increase in incidence

by the fourth deeade of life (Buckwalter J.A et. al., 1993). White there is no

absolute link between back pain and dise degeneration, a significant proportion of

painful dises are found to be degenerated (Vanharanta H., 1994). In the past, dises

were seen as being non-innervated and therefore, pain was often attributed to

compression on the spinal cord. In fact, the AF was found to be innervated and a

Iink between disc hemiation and pain could he established (Vanharanta H., 1994).

Magnetie resonance imaging has also shown degeneration measured by reduced

image intensity in patients correlated with dise degeneration viewed by

6



discography of dises in individuals complaining of back pain (Schneiderman G.B

et. aL, (987).

Disc degeneration may be a consequence of differeot pathological

changes which occur with age (Buckwalter J.A et. aL, (993). An age and

morphological grade related decrease in abundance of total PO per wet (Pearce

R.H et. aL, 1987) and dry (Antoniou J et. aL, (996) weight of dise tissue has been

observed in human lumbar IVDs.

Increased degradation by matrix metaHoproleinases (MMPs) has been

suggested to compromise the integrily of the dise matrix (Buekwalter J.A et. aL,

1993; Buckwalter J.A., 1995). Degenerative changes include apparent breakdown

of the molecules important in the function of the dise. The functionality of

aggrecan moleeules appears reduced in older animais in that there is a loss of

eapacity of these molecules to aggregale with hyaluronie acid (HA) due 10 the loss

of the G 1 domain and increased degradalion of Iink protein with age (Pearce R.H

et. aL. (989). Also, an accumulation of non-glycanated core proteins of BON has

been noted in the dise with age. These are thought to represent degraded molecules

whieh have been enzymatically cleaved in the n-terminal region of the core

protein, removing the GAG ehains (Roughley P.l et aL, 1993).

Studies of the eellularity of the IVD have shown that there is a loss of disc

cell viability with age and different growth patterns of these cells. Trout et al

showed that while dise cells may appear viable by light microseopy as is used for

histology, it is evident that there is a loss in viable cell population ooly discernible

with electron nlieroscopy (Trout J.1 et. al., (982). eeus of foetal humans had

almost full viability with many isolated cells, while in adults almost half of the

eells were non-viable and grew in clusters tenned nests.

Dise degeneration May also be indueed by a loss of capacity of the disc to

be properly sustained. Work has shown that the eanilaginous end plates, through

whieh nutrition is known to oceur undergoe changes with age. The IVD being

avascular, derives the required nutrition through the end plate which allows

diffusion of metabolites (Maraudas A et. al., 1975; Katz M.M et. al., (986). With

age, the end plates lose their porosity in part due to graduai calcification (Roberts

S et. al., 1996). Further evidence supporting the hypothesis of impaired diffusion

of metabolites into the dise, is the increased abundance of small KS rieh forms of

7



aggrecan with age which are similar to those found in oxygen deprived areas such

as deep zones of canilage and thickened comeas (Melrose J et. aL, (991).

1.5) Models used to study IVD metabolism:

Human IVD tissue, animal models and in vitro culture methods have been

used to study dise metabolism. The use of post-mortem human tissue for

biochemical analyses has the advantage of enabling the mapping of events which

have occurred over the individuals lifetime. However, human tissue obtained at

autopsy for the purpose of cell anrl tissue culture often has low metabolic activity

due to the 1ag time post-mortem to harvesting. AIso, due to the different lifestyles

of individuals, a large variation in metabolism can be observed between (hem.

Animal models provide a readily available source of tissue which allows

the study of large groups of individuals with similar lifestyles. Care must however

be taken in interpreting results and especially with direct extrapolation to the

human s.tuation. Furthennore, the expense of animal care along with ethical

considerations are often prohibitive factors in performing large animal

experiments.

Most live animal studies of IVD PO metabolism have involved the

measurement of synthesis using radiolabelled sulphate. Venn et al. showed thal

PG synthesis was reduced in 80 day old mice compared to that observed in dises

of 30 day old animais (Venn G et. aL, 1986). This study did not however examine

the synthesis rates in the different regions of the dise. Synthesis of PG in different

regions of the IVD were compared in a canine study comparing 2 and 10 year old

dogs (Cole T.C el. al., 1986). Significantly lower PO contents were observed in

lumbar AF and NP regions of older beagle dogs. furthermore, decreased ability

for aggregation with HA and larger hydrodynamic size of the fonns extracted from

the AF were reponed to occur with age.

IVD expiant cultures are complicated by swelling of the tissue which

causes rupture of eells or exposure to extreme pressure. Earlier, a model was

developed to culture slices of IVD tissue within dialysis bags, thus preventing PO

10ss and direct contact of polyethylene glycol (PEG) with tissue (Bayliss M.T et.

al., 1986; Bayliss M.T et. al., 1988; Johnstone 8 et. al., (995). In the first of these

studies il was ~hown that concentrations above 10% PEG brought about a decrease
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in PO synthesis and water content within the tissue. This model provided

controlled culture conditions for the study of baseline synthesis levels of dises of

different ages. It is however limited by the fact that it is difficult to caJculate the

PEG concentration required to maintain the exact level of hydration found in vivo.

Using this system, PO synthesis was studied in dogs subjected to strenuous

running exercise (Puustjarvi K et. aL, 1994). In this study~ following one year of

exercise, discs were removed and cultured whole. With the use of PEG, swelling

due to reJease of constraint was rninimised. A short fall of this type of model

remains that different concentrations of PEG were used for AF and NP tissues

respectively. Also, the high concentration of PEG used to control swelling of NP

tissue Iikely had an effect on cell metabolism as it has been shown that 35S0/

incorporation varies directly with PEG concentration, thus inversely with

hydration (Bayliss M.T et. al., 1986).

The alginate bead culture system remains a method which permits the

growth of cultured cells in a tree-dimensional environmt:nt, more realistic than in

cell monolayers. Aiginic acid, the major component used to fonn alginate beads

for cell culture~ is a glycopolymer composed of guluronic and/or mannuronic acid

carbohydrate residues (figure 4) (Haug A et. al., 1966; Atkins E.n.T et. al., 1970).

·MM••

COOH COOH

V*

MIIiI

Flpre 4. Chemical structure of segments of alginic acid. M=mannuronic acid,
G=guluronic acid. (adapled from Alginate Products for Scienlific Waler Control.
Third Edition, page S).
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Upon contact with divalent cations, the carbohydrate chains precipitate by co

operative binding of oxygen on the carboxyl groups with the divalent cations

(Grant G.T et. al., 1973).

Alginate microsphere culture has been used to maintain the phenotype of

cultured cells by maintaining them in a three-dimensional environment (Benya

P.O et. aL, 1982; Kolettas E et. al., 1995; Guo l.F et. aL, 1989; Grandolfo M. et.

aL, 1993; Mok S. S et. aL, 1994; van Susante J.L.C et. al., 1995). Encapsulated

chondrocytes have been shown to synthesise both aggrecan (Mok S.S et aL, 1994)

and type U collagen (Benya P.D et aL, 1982) and to maintain a rounded shape,

characteristic of chondrocytes (Guo J.F et aL, 1989).

Dise cells were first cultured in alginate microspheres by Maldonado

(Maldonado B.A et. aL, 1992). In this study, canine IVD cells were cultured by

disc region and PG synthesis rates and hydrodynamic sizes were determined. AF

cells were found to have higher rates of sulphate incorporation after 48 hours of

culture and smaller GAG chains than those of the NP. Also, cells from the AF

were reported to be viable for up to 14 days of culture while those of the NP for

about 10 days due to 10ss of notochordal cells. No attempt was made to examine

age related differences in this study.

The presence of alginate hinders the study of the majority of the pa
synthesised and retained within the matrix during the entire culture period. Our

and other studies have shown that most of the PG synthesised by cells detectable

by labelling with 35S04 for 24 hours is retained within the alginate bead. often

referred to as the funher removed marrix (Mok S.S et. al., 1994; Aguiar Dol et. aL,

1998). Removal of alginate is often complicated by the chemical propenies of the

polymer, being insoluble at 40% v/v concentration of most alcohols (Solvent

tolerance claimed by the manufacturer) used to precipitate proteins and insoluble

at low pH (Mok S.S et. aL, 1989; Haug A et. aL, (967).

Methods used to recover cultured cells from alginate beads have been

previously described (Guo l.F et. al., 1989; Mok S. S et. aL, 1994; Petit B et. aL,

1996). Briefly, alginate microspheres are depolymerised using a solution

containing sodium citrate and cells are recovered by centrifugation. White this

method is practical when studying cell viabilityand morphology, difficulties arise

when attempting to investigate the proteins secreted into the alginate matrix.

10



Electrophoresis, Western blotting and sorne column chromatographie analyses are

often ooly possible for proteins found in close proximity to recovered cells or

those that are lost ioto medium.

With the difficulty in obtaining of fresh post mortem human dises, an

altemate source of tissue is necessary in order to develop culture conditions which

could be used to establish a culture system to study human tissue upon rare

availability. The bovine eoccygeal dise has been characterised and used in culture

to compare ils biochenlical and bionlechanicaJ properties to those of olher animais

(Ohshima H et. aL, 1989; Oshima H et. al., 1993). ln the following study we chose

to use the bovine tail dise, being a readily available tissue source from a large

animal (Ghosh P et. aL, (977). As previously mentioned, direct extrapolation to

the human situation of data from these studies is an aeknowledged limitation when

using tissue from a quadrapedal animal. Furthermore, the forces exerted on the

eoccygeal segments of the spine are likely quite different from those experienced

by human dises.

1.6) Use of growth factors to modulate dise cell metabolism:

Few studies have explored the effects of growth factors on IVD cells

(Thompson J.P et. aL, 1991; Osada R et. al., 1996; Gruber H.E et. aL, (997). Thus

far, most studies focusing on growth factor effects on IVD cells have been applied

using tissue expiant cultures (Thompson J.P et. a1., 1991) or monolayer cultures

(Yoo J.U et. al., 1992; Osada R. et. al., 1996).

Most of the knowledge of growth factor actions on chondrocytes is derived

From an extensive number of studies using articular canilage chondrocytes. Recent

focus has been placed on the following growth factors: Basic fibroblast growth

factor (bFGF), insulin-like growth factor 1 (IGF-n and transforming growth factor

beta (TGF-JJ) (Trippel S.S et. aL, (995). These factors have been shown to have

effects on synthesis, degradation, and mitogenesis of articular canilage

chondrocytes.

IGF-I has been shown to effectively increase PO synthesis in cultured

chondrocytes (Barone-Varelas J et al., 1991) and NP cells (Osada R et aL, 1996),

though an age related decline in efficacy was observed in both of these studies.

Similar, effects have been observed with bFGF, however this growth factor is also
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known to simulate interleukin-I effects in these cells (Chandrasekhar S et aL,

1989).

TGF-p was chosen for its previously described efficacy in increasing PG

synthesis in chondrocytes (Morales T.I et al., 1988) the cell type thought ta

populate the adult NP. Also, there is weil documented evidence that this growth

factor upregulates the expression of tissue inhibitor of metalloproteinases

(TIMPs), this being important for future studies using this system focusing on

matrix degradation tGunther M et aL, 1994; Su S et aL, 1996).

Of the five isoforms of TGF-p, three have been identified in mammals

(Spom M.B et. aL, 1990; Lawrence D.W., 1996). TGF-~ 1-3 are comprised of 12.5

kOa homodimers which are present in the matrix as large, inactive complexes

when bound to the 200 kDa Latent TGF-~ Binding Protein (LTBP) (Q'Kane S et.

aL, 1997). TGF-p has been shown to be present in articular cartilage (Morales T.I

et. aL, 1991) and is known to be stored in latent fonn, bound to the LTOP (Dallas

S.L et. aL, 1995) and to thrombospondin (Murphy-Ullrich J.E et. aL, 1992).

TGF-p 1 is known to have different effects on anicular cartilage

chondrocytes, these depending on the concentrations of the growth factor and the

state of cell differentiation (Galera P et. al., 1992; van der Kraan P el. aL, 1992;

van den Berg W., 1995). Chondrocytes are known to synlhesise (Morales T.I et.

aL, 1991) and to have receptors for TGF-p (Glansbeek H.L et. aL, 1993). The

chondrocytic phenotype with production of type D collagen and aggrecan, was

shown to be induced in foetal rat mesenchymal cells by this factor (Seyedin S.M

et. aL, 1985; Seyedin S.M et. aL, (986). PO synthesis was shown to he increased

in a dose dependant manDer with TGF-p in organ cultures of bovine articular

cartilage (Morales T.I et. al., 1988). Also, increased mitogenicity with chondrocyte

maturity has been described (Gueme P-A et. al., 1995).

TGF-p has also been shown to regulate the expression of the small Pas

DeN and BGN in fibroblasts (Bassols A et. aL, (988). These PGs are known to

bind TGF-~ and to aet as potential natural inhibitors (Hildebrand A et. al., 1994;

Hardingham T.E et. al., 1992; Imai K et. al., 1997).

Sorne studies have shown that TGF-p can also be pathogenic when injected

into the joints of mice, producing inflammation and inducing osteophyte

formation (van Beuningen H.M et. al., 1994). In the IVD, inflammation is of less
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concern than in an articulation where there is a synovial Iining. While this study

did not relate the incidence of osteophyte fonnation to different doses of the

growth factor, il does demonstrate the importance of careful choice of the dose to

be used. In cell culture it has been shown that concentrations greater than 40 pM

(1 ng/ml) induced a significant increase in PO synthesis in cultured articular

chondrocytes (van der Kraan Pet. aL, 1992).

Recently, human AF cells were cultured in alginate beads and were tested

for response to the growth factor TGF-~ l (Gruber H.E et. al., 1997). In this study,

disc cells were grown in primary monolayer cultures and then encapsulated inlo

alginate beads. This was certainly necessary in order 10 obtain a sufficient number

of eeUs due to the low cell yields obtained with human dise tissue. Increased

mRNA levels were observed for BON though not for DeN in TGF-~ treated

cultures. Again. this work did not attempt to elucidate whether there is an age

related decrease in synthesis in matrix molecules, which would necessitate

modulation with growth factors.

1.7) Rationale:

The study described in Ihis work was proposed in arder to examine one of

the many potential factors involved in IVD degeneration. Synthesis of the

predominant matrix molecules has been shown to decrease with age in human

discs (Antoniou J et al., 1996). In this study, markers for newly synthesized

aggrecan molecules [846 epitope] (RizkaJla G et. aL, 1992), the propeptide

markers of newly synthesized type 1collagen [commercially available), and type fi

collagen [CPll epitopeJ (Hinek A et. al., 1987; Poole A.R et. al .• 1995) were used

ta demonstrate the reduction in abundance of these markers in human discs with

age (Antoniou J et aL, (996). These results were expressed on a per dry weight of

tissue basis. Il was thus important to verify whether lhis reduction in the amount of

newly synthesized molecules could be wholely explained by a loss of viable cells

populating the disc with age (Trout J.1 et. al., 1982) or could also be demonstrated

on a per cell basis.

PGs make up an important proportion of the dise matrix and are a likely

target for the disruption of nonnal disc function. While other aspects involved in

disc degeneration such as extracellular matrix degradation and disc cell nutrition
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are recognized to be equaJly imporant~ focus of study was placed on the synthesis

of PGs by disc cells at different ages. Another principal aim of this study was to

establish a serum-free cell culture mode1 in which growth factors~ or other

pharmaeological agents, used to modulate dise cell synthesis. could he tested. This

serum-free system can potentially be used to study degradative processes of the

same molecules and also to study the effects of enzyme inhibitors on such events.

ln order to best select potentiaJ modulating growth-factors. the phenotype

of dise eeUs of the AF and NP regions nèeus to bt: ùetermined. Little is known

about the eell tyPes whieh populate the different regions of the IVD. Histological

studies have suggested the presence of two cell types (chondrocytes and

fibroblasts) (Chelberg M.K et al., 1995). In this study, the morphology and

synthetic products (collagen and PG) will be evaluated in both alginate and

monolayer culture.
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1.1) HYPOTIIESES:

2.1.1) The compromised integrity of the extracellular matrix of the lVD observed

with ageing, results from an impainnent in the synthetic acti vity of the disc cells,

whieh may aet as one predisposing factor in subsequent dise degeneration.

2.1.2) The impaired synthetic aetivity of aged dise cells ean be modulated by TGF

rit.

2.1.3) At least two different cell populations are present in the IVD tissue.

2.2) SPECIFie AIMS:

2.2.1) To measure the synthesis of PG in disc cells, and its variation with

age, a serum-rich system will he applied in arder ta culture IVD eells in vitro.

Cells from AF and NP regions will he isolated from foetal (7-9 months of

gestation), calf (Iess than 4 months old) and adult (greater than 6 years of age)

bovine and encsapsulated into alginate beads. Cultured eells will he labelled with

JSS04 for 24 hours and incorporated radioactivity quantified by scintillation

counting. Ali measurements will he equalized to DNA content determined on

parallel cultures.

2.2.2) Ta determine if TGF-~1 can he used to modulate IVD cell

biosynthesis, a serum-free culture system will he applied to the same cell types as

described in 2.2.1. TGF-~ 1 treated cells will he compared to controls in serum-free

Inedium Wilh respect to sulphate incorporation and cell proliferation. Effects on

small PO synthesis will he semi-quantitatively evaluated by electrophoresis and

Western blotting.

2.2.3) Differences in phenotype of cells from the respective regions of the

IVD will he evaluated on both fresh tissue and cultured cells. The PGs synthesised

in culture will be compared lo those found in vivo by composite gel

electrophoresis. The types of collagen synthesised will be determined by

autoradiography and tluorography of 3H-proline labelled eollagens in bath

monolayer and alginate bead culture. Cell morphology will he observed in high

density monolayer culture sinee chondrocyte-Iike cells are known to maintain a

polygonal shape under these conditions, while fibroblasts will tlatten out to form a

sheet.
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3) MATERIAL and METHODS:

3.1) Tissue and cell isolation:

Bovine tail (eoceygeal) segments from foetal (7 to 9 months gestation), calf

(120 days old) and adult (aider than 7 years) were obtained from a local slaughter

house and processed within 1 to 2 hours. Dises were dissected out, stripped of

ligament and separated into AF and NP regions. The intennediate zone was discarded

along with a small strip of both AF and NP on each side to ensure the identity of each

respecti ve region. Tissue was minced and placed into Dulbeccos Modified Eaglels

Medium (DMEM) containing 44 mM NaHC03, 20 mM HEPES buffer, 100 units/ml

of penicillin Gand 100 ~g/ml of streptomycin sulphate (ail from Gibco BRL), 150

mgIL of gentamycin sulphate (Sigma), with 2.5 ~g1ml amphotericin B (Fungizone,

Gibco BRL). Tissue was washed once with the above medium (DMEMlfungizone)

and twice with DMEMlfungizone containing ten times concentration

penicillin/streptomycin, followed by a last wash in DMEM/fungizone.

CeUs were isolated from AF and NP tissues respectively by sequential enzyme

digestion as follows. Minced tissues were agitated at 370C for 90 minutes in a mixture

of 0.2% pronase from streptomyces griseus (Calbiochem-Novabiochem Corp., La

Jolla, CA.) and 0.004% deoxyribonuclease 1. type n from bovine pancreas (DNase),

(Sigma) in DMEM at 2.5 ml enzyme solution per gram of tissue. AF tissue was then

digested with 0.04% collagenase n from clostridium histolyticum, 0.01%

hyaluronidase, type V from sheep testes and 0.004% DNase (a1l from Sigma) in

DMEM containing 10% foetal calf serum (FCS) (FetalClone m from Hyclone

Laboratories, mc.). NP tissue was treated with 0.01% collagenase lA from c.

histolyticum. 0.01% hyaluronidase and 0.004% DNase in DMEM containing 10%

FCS. Tissue was agitated at 370 C for 9 hours with 5 ml of enzyme solution per gram

of tissue. See Table 1 for quick reference of enzyme concentrations.
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AF
NP

collagenue lA collagenase II

0.04%

0.01%

hyaluronidase

0.01%

0.01%

DNase

0.004%

0.004%

Table 1: Quick reference for concentrations used in sequential enzyme
digestion of the tissues from different IVD regions. Tissue was pre-digested
with 0.2% w/v pronase and 0.004% w/v deoxYribonuclease (DNase). See text
for details.

3.2) Cell culture:

Digests were filtered through nylon gauze and cells recovered by centrifugation

at 1500 rpm on a Beckman CS6 table top centrifuge. Cell number and viability was

determined by the trypan blue exclusion method. Recovered ceUs were resuspended in

1.2% w/v alginate at a concentration of 2x 106 cells Iml and dripped through a 20

gauge needle inta 102 mM CaCh solution. Beads were washed twice in sterile 150

mM NaCI solution and twice in DMEM. Cells were cultured at 5 alginate beads per

0.5 ml of DMEM with 10% fCS and 25 J..lglml ascorbic acid from day 2 to 4 and 50

J.lg Iml from day 4 onward. Cultures were tabelled with 25 ~Ci/ml H2
35S04 (lCN

Biomedicals) for 24 hours at days 4 and 9 of culture.

Serum-free cultures were aJso established in arder ta test the effects of growth

factors. The medium used in these cultures comprised of DMEM supplemented with 5

~g1ml insulin, 5 ~g1ml transferrin and 5 ng/ml sodium selenite (ITS) (Boeringer

Manheim) and ascorbic acid at the same concentration as for cultures in fCS. Cultures

treated with TGF-61 included serum free medium to which was added 1 nglml (40

pM) of recombinant human TGF-61 (R&D Systems) from day 2 onward.

Monolayer cultures were also sludied in media with and without serum. After

isolation, cells were plated at 2 x lOS ceUs per weil (high density) in 96 weil plates

(Costar).

3.3) Cell viability and proliferation:

CeUs were dissociated from alginate beads by solubilisation with 55 mM

sodium citrate as previously described (Mok S.S et. al., 1994). A quarter volume of

four times concentrated proteinase K digestion solution (2 mg/ml proteinase K {Type
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XI from tritirachium album, Sigma}, 40 mM EDTA, and 400 mM NaH2P04, pH 6.5)

was added and samples were incubated at 56°C for 16 hours. Enzyme activity was

inhibited by heating at lüO°C for 10 minutes and samples were stored frozen at -20°C.

DNA content was evaluated using a variation of the fluorescent dye binding assay

using bisbenzimide (Hoechst 33258) as previously described (Labarca C et. aL, 1980).

Standards were diluted in buffer containing 1 volume of 1.2% w/v alginate, 1

volume 4 x proteinase K buffer and 3 volumes of 55 mM sodium citrate in 150 mM

Nuel, pH 7. This was found to be important sincc alginate-containing sainpies

quantified using a standard curve diluted in water gave exactly twice the expected

percentage tluorescence value for a known quantity of DNA.

The method deseribed above was used in ail experiments, however, il was

important to ensure Ihat these values were a direct retlection of the number of live

cells found in the alginate beads. Sinee DNA from Iysed cells would he soluble in the

sodium citrate buffer used to solubilise alginate beads, intact cells were recovered

with 55 mM sodium citrate as previously described (Mok S.S et. aL, 1994). Cells were

pelleted at 175 gav and the supematant containing alginate removed. The pellet was

then washed with the same citrate buffer and then digested with 200 ~l of 1 times

proteinase K digestion solution. Samples treated in this manner were compared to

parallel cultures in which alginate was not removed. These samples were assayed with

DNA standards diluted in H20. With the knowledge that measures of fluorescence in

presence of alginate yield exactly twice the expected fluorescence, values obtained for

samples with alginate were divided by 2. Ten pairs of samples were compared and a

correlation coefficient (r2
) determined as shown in figure 6.

3.4) Quantification of newly synthesised proteoglycans:

Alginate beads were harvested at days 5 and 10 of culture and solubilised at

4°C for 24 hours with 10 volumes of 4 M guanidinium chloride (GuHCI) containing

0.05% w/v (3-{(3-cholamidopropyl) dimethylammonio}-l-propanesulfonate)

(CHAPS), (Sigma) with the following protease inhibitors: 5mM

ethylenediaminetetraacetic acid (tetrasodium salt) (EDTA), (BDH), 1mM

iodoacetamide , 10 Jlglml pepstatin A and 1mM phenylmethylsulfonyl tluoride

(PMSF) (from Sigma). Medium was made up to a final concentration of 4 M GuMCI

by addition of an equal volume of 8M GunCl in lOOmM NaOAc pH 5.8 immediately
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upon thawing from storage at -20°C and agitated at 4°C for 30 min prior to assay.

Initially, GuHCI solubilised PGs were applied to PD-ID columns (Bio-Rad

Laboratories) and equilibrated with 4M GuHCI and 1 ml fractions collected. Fractions

from the void volume were pooled and radioactivity measured by liquid scintillation

counting (LSC). In later experiments, radiolabelled Pas in both medium and alginate

bead extracts were quantified using a rapid filtration assay based on the precipitation

of PO by alcian blue and quantified by LSC as previously described (Masuda K et. aL,

1994).

3.5) Composite agarose-polyacrylamide gel electrophoresis of proteoglycans:

ln order to establish profiles of POs found in vivo, tissues of the AF and NP

regions of the tail and lumbar segments were extracted, immediately after dissection

with 4M GuHel for 48 hours. Extracts were loaded onto PD-ID columns (8ioRad)

and the void volume recovered in column buffer which comprised of 50 mM

ammonium acetate, pH 7. Samples were concentrated and stored frozen until

analysed. In later experiments, PGs were directly precipitated from the extraction

solution with 75% v/v 2-propanol, final concentration. Recovered pellets were

resuspended in distilled water and analysed for chondroitin sulphate (CS) content

using a variation of the dimethylmethylene blue (DMMB) assay (Farndale R.W et. al.,

1986). Samples were equalised to 5 J,lg CS per lane in 0.5% sodium dodecyl sulphate

(SOS) and applied to composite agarose polyacrylamide gels (CAPAGE) as

previously described (Heinegard 0 et. al., 1985).

For visualisation of PGs from cultured cells, alginate bead extracts freed of

alginate were resuspended in 0.5% w/v SOS and electrophoresed as above. Medium

samples were precipitated and analysed in the same manner. Loads were equalised as

cpm per lane, generally 15000 cpm which gave an adequale signal after 24 hours. Gels

were dried and exposed on Kodak XAR film (Kodak).

To further analyse the precipitated PO from culture, sampies were digested

wilh chondroitinase ABC (Chase ABC) and papain. Dried extracts were rehydrated in

50 mM sodium acetale, pH 6 containing 0.1 unitslml Chase ABC. from Seikagaku

Corp., Tokyo, lapan and incubated for 4 hours at 37°C. For papain digestion, samples

were resuspended in 50 mM sodium acetate, 5 mM EDTA, 5 mM cysteine-HCI, pH 6

and incubated ovemight at 65°C. Sorne iodoacetamide inhibited samples were
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digested with Chase ABC after papain digestion as described above. Ail were

electrophoresed on CAPAGE in arder to verify banding patterns after digestion.

3.6) RemovaJ of alginate for gel electrophoresis:

Difficulties due to the presence of alginate in samples prompted the search for

a method to selectively remove alginate, while leaving PGs in solution. Initial

experiments focused on alcian blue precipitation as described by 8jornsson, 1993

(8jomsson S., 1993). 1t became apparent that alginate was not soluble in the

dissociation buffer used to dissociate PGs from precipitated alcian blue-PG

complexes. In order to evaluatc the recovery of known quantities of labelled PGs,

alginate was added to radiolabelled PGs from monolayer cultures and removed by

precipitation at a final concentration of 33% v/v 2-propanol. PGs were then

precipitated from the supernatant at 75% v/v 2-propanol final concentration (data Dot

shown).

Ta further test whether there was a loss of total PG when precipitating out

alginate. the following quantitative experiments were perfonned. Twelve independent

samples of AF and NP eells eultured for 10 days in alginate beads were labelled with

3SS04 and extracted with 4M GuHel as previously described in section 3.4. A small

portion of extract (50 ).lI} was used to quantify by RFA (Masuda K et. al., (994). The

remainder of the sample was freed of alginate and PG precipitated at 75% v/v 2

propanol final concentration as deseribed above. Recovered PGs were resuspended in

50 mM NaOAc, pH 5.8 and a small aliquot used for quantification by LSC. Another

portion was used to quantify the total GAG recovered after 10 days of culture by

DMMB assay (Farndale R.W et al., 1986).

ln order to ensure that the intermediate precipitation step at 33% v/v 2

propanol was adequate in order to precipitate ail of the alginate present in samples. the

following experiment was undenaken. Four replicates per experimental point of 5

alginate beads per tube were agitated at 4°C for 16-24 hours in 1 ml of 4M GuHCI in

50 mM NaOAc, 5 mM EDTA, 0.05% CHAPS, pH 5.8. A range of concentrations of

2-propanol was established between 9 to 42 % v/v (final concentration). Tubes were

agitated for 15 minutes al 4°C and precipitated alginate was recovered by

centrifugation at 9000 gav- Pellets were washed twice with 70% cold ethanol and then

dlied. Alginate was resuspended in dH20 with heating at 6(tc for 5 minutes to ensure
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complete solubilitYt and quantified by DMMB assay (Farndale R.W et al.t 1986). To

ensure that the standard curve of the assay prepared with alginate instead of CS was

liDeart known doubling concentrations of alginate were measured by DMMB t these

yielding values between 0 and 0.3 00 at A530.

The validity of this precipitation method was demonstrated for PGs From

alginate cultured samples electrophoresed on both composite and SOS-PAGE gels.

Alginate beads containing NP cells were labelled and extracted as described in section

3.4. Each sampie was divided ioto 400 J.ll aJiquots; one precipitated with 75% v/v 2

propanol and the other with an intermediate 33% v/v 2-propanol precipitation with

subsequent addition of 2-propanol to 75% v/v. Pellets were washed twice with 80%

v/v EtOH and dried. Dried pellets were resuspended in 50 mM NaOAct pH 6 and

heated to 40°C for 10 minutes to ensure complete solubilisation.

For CAPAGEt a ponion of each sample was taken to which was added an

equal volume of 2 x sucrose buffer as described by Heinegard (Heinegard D et al..

(985). Following composite gel electrophoresis and fixing in 40% MeOHt 7% HDAct

gels were stained with 0.1 % w/v toluidine blue in 3% v/v HOAc. Destaining was

achieved with 3% v/v HDAc. Oried gels were exposed to Kodak XAR film to resolve

radiolabelled bands.

Aliquot of the same samples were also electrophoresed on SOS-PAGE. A

thirty microliter aliquot of each treatment (with or without intermediate 33% 2

propanol precipitation) was treated with 0.1 units/ml Chase ABC and 0.01 units/ml

keratanase nt final concentrations, and incubated for 4 hours at 37°C. Enzyme activity

was stopped by addition of a quarter volume of 4 x Laemmli sample buffer containing

~-mercaptoethanol. Samples were electrophoresed on 10% polyacrylamide gels and

then transferred onto nitrocellulose as previously described (Laenlmli V.K. t 1970;

Towbin H.T et al., 1979).

Membranes were blocked with BSA ovemight at 4°C. Antibody 383t used at

1:300 dilutiont was chosen as the first antibody as il is specifie for chondroitin

sulphate (CS) and dermatan sulphate (OS) stubs which rernain after cleavage of GAG

chains by Chase ABC (Couchman J.R el. al., 1984). The second antibody was a goat

anti-mouse IgG+IgA+IgM (H+L) alkaline phosphatase conjugale (Zymed

Laboratoriest San Franciscot CA) used at 1: 1000 dilution. Reactive bands were

resolved using NBTI8CIP alkaline phosphatase substrate kil (Bio-Rad Laboratories).
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Five micrograms of bovine foetal aggrecan From epiphyseal cartilage (a kind gift from

Dr. A.R. Poole. Joint Diseases Lab. Shriners Hospital, Montreal) was used as a

positive control.

In ail experiments shown in this work, the following procedure was routinely

used to precipitate PGs: Five alginate beads were extracted ovemight with 1 ml of 4M

GuHel in 50 mM NaOAc, 5 mM EDTA, 0.05% CHAPS, pH 5.S. Alginate was then

removed by addition of 2-propanol, to a final concentration of 33% v/v. Samples were
o

agitated for 15 minutes and then centrifuged at 9000 gay for 10 min. at 4 C. The

supematant was retained and made up to a final concentration of 75% 2-propanol and

agitated at 4
0

C for 1 hour. PGs were recovered by centrifugation at 9000 gay for 20
o

min. at 4 C. Pellets were washed twice with 1 ml of SO% cold ethanol and stored at -

200e until analysed. A schematic outline of this procedure is shown in figure 5 for

quick reference.

Alginate beads solubiliZed in 4M GuHCI. 5mM EDTA-Ns41

0.05% w/v CHAPS. SOmM NaOAc. pH 5.8

1.0.5 .a...... al 2'lIfaplllOl

Final concentrations
33% vlv 2·prDpanol 3.33mM EOTA·Na!4
2.67M GuHCI 0.03% wlv CHAPS

1 agltat8 81 40C
• 'or 15 minutes

centrifuge at 9000 gav

Pellet containing alginate

1
Discard

/ Supematant containing
proteoglycans

1 +2.5 volunws
• of 2·propanol

Final concentration
75% VN 2-prcpanol

1 agita1. al 40C
~ 'cr 30 minutes

centrifuge at 9000 g..,

l
wash twtce with cold
80% vlv EtOH

!
Dry

Figure S. Schematic representation for separation of alginate from proteoglycans.
See text for details.
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3.7) Analysis of glycosaminoglycan chains by column chromatography:

Dried PGs were resuspended in 200 J.l1 of 50 mM sodium acetate. 5 mM

EDTA, 5 mM cysteine-HCI, pH 6 containing 250 tlg/ml papain. Samples were

incubated at 65°C for 16 hours and were then inhibited with iodoacetamide at a final

concentration of 10 mM. Immediately prior to loading on the column, samples were

made up to 1 ml with column elution buffer which consisted of 50 mM tris-HCI, 0.5

M NaCI, pH 7.5. PGs were eluted on a 99 x 1cm column packed with Sepharose CL

68 tPharmacia, Uppsala, Sweden). One millilitre fractions were collected at 6

ml/hour. Vu and VI were determined by the elution positions of dextran blue and

potassium dichromate respectively.

Elution profiles of 35S-labelled GAG chains were obtained by LSC of fractions

at al: 10 ratio of eluate to scintillation tluid. Non radioactive GAG chains frorn direct

tissue extractions were measured by DMMB assay.

3.8) Core protein analysis of small proteoglycans:

Analysis of the small PGs DeN and BGN, was carried out by Western blotting

using specifie antibodies to their core proteins (a kind gift from Dr. P.J. Roughley,

Oenetics Unit, Shriners Hospital, Montreal). Samples comprised of 4M GuHCI

extracls of disc AF and NP tissues or of alginate beads containing NP cells after 10

days of culture in FeS, or ITS aJone or ITS+TGF-p 1. PGs precipitated with 75% v/v

2-PrOH final volume, were resuspended in 50 mM NaOAc, pH 6 and quantified for

CS content by DMMB assay. The equivalent of 2.5 IJg CS was made up 10 30 tJl with

the same buffer to which was added final concentrations of 0.1 unitslml Chase ABC

and 0.01 unitslml keratanase fi (Sigma). Samples were incubated for 4 hours at 37°e

and the reaction stopped by addition of 10 J.l1 of 4 limes concentrated SOS-PAGE

sample buffer containing p..mercaptoethanol. Aliquots were heated at 95°C for 5

minutes and stored al -20°C until anaJysed. The positive control for antibody reactivity

was a Chase ABC treated bovine nasal PG extract, (A generous gifl from Dr. P.J.

Roughley, Oeneties Unit, Shriners Hospital, Montreal).

Aliquots containing the equivalent of 2.5 J1g CS per lane were run on 10%

SDS-PAGE as previously described (Laemmli U.K., 1970) and were electro

transferred onto nitrocellulose at 100 V for 2 hours al 4°C (Towbin H et. al., 1979).

Membranes were blocked with 0.2% w/v non-fat dry milk ovemight at 4°C prior to
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blotting with anti-DeN or anti-BGN antibodies. Both first antibodies were exposed to

membranes for 1 hour after which they were washed four limes with tris-buffered

saline with 0.1 % v/v Tween-20 (T88T). The second antibody, a goat anti-rabbit

alkaline phosphatase conjugate, was exposed to the membranes for 1 hour at room

temperature. After four washes with T8ST, rnembranes were treated with a

chemiluminescent substrate for 5 min. (Bio-Rad Immun-Star™ chemiluminescent

protein detection system). Reactive bands were resolved by brief exposure (1 to 2.5

minutes) to high perfonnance chemilumincscencc film; HypcrfilmTM ECL™

(Amersham).

3.9) Cell morphology and ccII phenotype:

Isolated cells from tail AF and NP were plated as monolayers at high density

(2x 105 cells/well) in DMEM+fCS. Cultures were incubated in a humidified incubator

at 37°C with 5 % C02. Photographs were taken of the cell monolayers al days 5. 10

and 15 of culture.

ln order to further identify the phenotype of cultured ceUs from the AF and NP

regions of the disc, profiles of newly synthesised collagens were obtained. Cells in

monolayer (high density) or alginate (5 alginate beads per weil) were labelled with 25

IlCi/ml 3H-proline (Amersham) for 24 hours at days 5 and 10 of culture. Medium was

collected and proteins digested with pepsin by addition of an equal volume of 1 mg/ml

pepsin A, from porcine stomach (Worthington Biochemical Corp., Freehold. NI), in 1

N acetic acid. Digestion was carried out at 4°C for 16-24 hours. Radiolabelled

collagens were precipitated with (NH4hS04 at a final concentration of 33% and

agitated at 4°C for 16 hours. Collagens were recovered by centrifugation at ooסס1 rpm

and washed twice with 70% v/v cold ethanol. Pellets were dried and then solubilised

in Laemmli sample buffer containing p-mercaptoethanol. Samples were heated at

95°C for 5 minutes and applied to 7.5% polyacrylamide gels. Gels were prepared for

fluorography using EntensifyTM (NEN Dupont, Boston, MA) and then dried under

vacuum. Labelled bands '.vere resolved by exposure of gels to Kodak XAR film al 

70°C.
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3.10) Histological preparation of alginate beads:

To prevent distortion of cells when cutting sections, alginate beads were

hardened by exchange of calcium for barium by incubation of beads in 100 mM BaCh

for 15-20 minutes at room temperature (Mok S.S et. aL, (994). Beads were fixed in

2.5% v/v glularaldehyde, 10% w/v cetylpyridinium chloride and 2% w/v sucrase for

16 to 24 hours at room temperature. They were then dehydrated with a 50% to 100%

v/v ethanol series with a final change in xylol and embedded in paraffin. Five ,nicron

sections were eut and mountcd onto positivcly charged slides (Fisher Scienlific).

Adherence was ensured by heating slides at 55°C. For staining, sections were dewaxed

in xylol and rehydrated in a 100 to 50% EtOH series and quickly rinsed in dH20.

Sections were then stained with 0.5% w/v toluidine blue in 5% v/v ethanol for

approximately 1 minute, quickly rinsed in dH20 and bloued dry. Slides were then

dipped in "ylol and coverslipped. Slides of alginate beads were photographed at a

magnification of 200x.

3.11) Statistical analyses:

Lines of best fit were evaluated by regression analysis and r2 values obtained.

Quantitative data was evaluated statistically by comparison of treatment groups using

the non-parametric Mann-Whittney U rank sum test when tests for normality failed.

For comparisons of more than one mean of which the variance was significantly

similar, a one way ANOVA test was used. Sample means under comparison whose

variances differed significantly (in the case where the ANOVA test could not be

used), were compared individually using the rank sum test. A p value of less than 0.05

% was considered significant. Error bars represent standard deviations and have been

shawn in each figure unless the scale used renders them invisible.
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4) RESULTS:

4.1) Intervertebral disc cell isolation:

Table 2 shows the yields of ceUs per gram wet weight of tissue obtained

using the method described in section 3.1. From ail tissues, an age related

reduction in cell yields was observed. The greatest number of viable ceUs was

obtained from foetal AF tissues however these ceUs rarely survived in alginate

beads in ~ulture with fCS. The large ûifference observed between cell yields of

AF and NP cells seen in the foetus AF (21 xl 06 cells/g) compared to NP (S.2x 106

cells/g) was followed by a rather abrupt equalisation of cell yields of these

respective tissues from calf and adult bovine. Differences in the ccII yields from

calf tissues AF (S.7x 106 cells/g) and NP (3.94x 106 cells/g) were not significant.

Similar cell yields from adult tissues AF (1.23x 106 cells/g) and NP (1.26x 106

cells/g) were essentially identical.

Foetus

Calf

Adult

AF

21.2 (sd=6.2, 0=3)

5.78 (sd=2.32, 0=6)

1.23 (sd=O.37, n=S)

NP

5.2 (sd=2.21, n=3)

3.94 (sd= 1.52, n=6)

1.26 (sd=O.46, 0=7)

Table 2: Cell yields from anoulus fibrosus (AF) and nucleus pulposus
(NP) tissues following sequential enzymatic digestion (x 106 cells/g tissue).
sd= standard deviation. n= sample size.

4.2) Cell viability and proliferation in fCS:

DNA content of ceUs grown in alginate beads was determined using a

fluorescent dye binding assay. In order to determine whether it was necessary to

remove alginate from solubilized alginate beads prior to assay t the experiment

described in section 3.3 was perfonned. Figure 6 shows the correlation obtained
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between samples conuunlng alginate and paired sampies assayed following

removal of alginate. A highly significant correlation (r2=Û.952) was obtained,

indicating that essentially ail of the cells remaining within the alginate beads were

viable. Values obtained for DNA content were therefore not artificially increased

by dead celis remaining within the alginate matrix.
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Figure 6. Correlation between sample wells of alginate bead cultures of bovine
dise cells which were separated from the alginate matrix prior to assay
for DNA content (x-axis), or assayed without separation of cells from
sodium citrate solubilized alginate matrix (y-axis).

ln cultures used to quantify PO synthesis, no significant difference was

observed in DNA content in cultures of calf AF cells, between the two time points

of culture (figure 7, left panel). However, a significant 1.5 fold increase (p<.05,

Rank sum test) in cell number was observed in aduJt AF cells from day 5 to la of

culture. No significant difference was observed between age groups. In NP cells,

there was again no significant difference in DNA content between age groups.

However, significant 1.4 fold and 1.8 fold increases (Bath p<.OI, Rank sum test)

in DNA content were observed in calf and adult NP cells respectively from day 5

ta 10 of culture. A similar trend toward and increase in cell proliferation was seen

in NP cells of the foetus, though with the available sample size, its significance

could not be obtained.
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Figure 7. Quantification of DNA in serum-containing alginate bead cultures of
bovine annulus fibrosus (AF) and nucleus pulposus (NP). White:
foetus, Grey: calf, Black: adult. Error bars indicate standard
deviations. Numbers above each bar indicate the sample size.
Signifieant increases were obtained by Mann-Whittney Rank Sum test
( * =p<.OS, ** =p<.Ol) for adult AF (from day S to 10 of culture) and
similarly for both calf and adult NP respeetively.

Although significanee of cell proliferation could not be obtained due to a

small sample size of foetal NP eells, toluidine blue staining of alginate beads

showed that by day 12 of culture, foetal NP ceUs (Figure 8b) had greater cell

numbers than cultures of calf (figure 8d) or adult (figure 80. 80th calf (figure 8c)

and adult (figure Se) AF cells grew as much smaller clusters than those of the NP.

Figure 8a shows the appearance of an alginate bead containing eeUs al day 0 to

compare the intensity of staining at day 12 in which there has been deposition of

PGs into the alginate matrix.
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Fipre 8. Appearance of disc ceUs within alginate beads stained with toluidine
blue a) Calf AF ceUs immediately after encapsulation (NP had similar
appearance). b) Foetus NP cells at day 12. Calf AF (c), and NP (d) at
day 12. Adult AF (e), and NP (1) at day 12. Magnification 200x; sizes
of beads apPear different due to different levels of cuts throughout the
plane of the microsphere.
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4.3) Quantification of proteoglycan synthesis of eells eultured in alginate beads:

Quantification of 3sS-labelled PGs was performed using the RFA described

in section 3.4. Rates of PG synthesis were described as 35S cpm/J.lg DNA. In AF

cells, no difference in sulphale incorporation was observed between calf and aduh

eells al days 5 and 10 of culture. However, a slight increase in PG synthetic rate

(1.5 fold for calf and 1.6 fold for adult; both p<.O 1 by Rank sum test) was

observed from days 5 to 10 (figure 9, left panel).
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FllUre 9. Proteoglycan synthesis in serum-eontaining alginate bead cultures of
bovine annulus fibrosus (AF) and nucleus pulposus (NP). White:
foetus, Grey: calf, Black: adult. Error bars indicale standard
deviations. Numbers above each bar indicate the sample size.
Significant differences obtained by Mann-Whittney Rank Sum test ( *
= p<.OS, ** =p<.O1) are indicated.

Significantly higher sulphate incorporation (1.5 fold) was observed in calf

NP cells compared to those of the adult at day 10 of culture, (p<O.O l, Rank sum

test), (figure 9, right panel). Also, 2.8 fold higher synthesis rates seen in the foetal

NP compared to those of the adult, were significant (p<O.OS, Rank sum test),
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however due to high variability and low sample size, the 1.9 rold higher PO

synthesis rate in foetal eells compared to those of the calf, was not significant. No

significant differences were observed between any respective age groups from day

5 ta 10 of culture.

In generaJ, synthesis rates were higher in the NP than AF. Calf NP cells

incorporated 3 times greater amounts of radioactive sulphate than AF cells at day

5 and 2.4 times more at day 10 (both time points: p<.OI, Rank sum test).

Similarly, adult NP eells had a 2 l'old higher synthetic rate compared to the AF at

day 5 of culture (p<.05) and at day 10, a similar trend was noted though this was

not significant.

4.4) Separation of alginate from Pas to enable their visualisation by

electrophoresis:

Experiments designed to measure whether any PGs were lost when

precipitating away alginate showed no such loss (figure 10). A significant

correlation (r2=O.993) was observed between 35S_ labelled PO quantified by RFA,

used as the ugold standard" and quantities precipitated by 75% v/v 2-propanol

precipitation after intennediate 33% v/v 2-propanol precipitation to remove

alginate from the solution.

The alginate pellet recovered after 33% precipitation was also counted to

further verify that there was no loss of PO. In these experiments, the over ail yield

of cpm recovered in the alginate pellet accounted for only 1.5% (sd=2%) of the

total yield of labelled PGs after 75% 2-propanol precipitation. A correlation

between values obtained for the amount of total PO retained in the matrix of

alginate beads over the 10 day culture period, measured by DMMB assay, and

those obtained for newly synthesised PO by RFA at day 10 is also shown in figure

10 (r2=O.766).

The precipitation of DeN and BON could also be achieved using this

method. Figures 16b and 17 show samples which were precipitated with 2-PrOH.

Samples containing small PGs recovered using this method (blotted with specifie

antibodies for DeN and BON) from alginate bead cultures are shown in figure 24.

31



100000 12.5

r2 .0."3

1

0/ -1
. i.c .1

II.
.! 71000 0 1

,
10.. , :!

1

,
0'i. ..1 CLÜ 1

,
!!• ... 1

A 1

1
1

r' •1 ~ 0.7" ..: •0 1

,
~.. 50000 1 7.5 Q,

CL , ';
N 1

1 en
1

1

>-
1

1 !.a .
en e

lit
,.

ft 1:
25000 0 5 0

E ~

CI. 0 U
~ ,

a 2.5

0 25000 10000 75000 100000

Figure 10. Comparison between cpm 3S S recovered from alginate beads by rapid
filtration assay (left hand x-axis) and from 75% 2-propanol
precipitation following intermediate 33% 2-propanol precipitation to
remove alginate and rapid filtration assay (RFA) (y-axis) [solid line,
black points; r=o.993]. The points shown in white represent the
correlation between recovered cpm from RFA and chondroitin
sulphate conlent measured by DMMB assay (right hand x-axis) in the
same samples shown on the left hand axis. [broken Iioe, r2=O.766].
Sample size n= 12.

In order to test whether ail of the alginate present in the 4M GuHCI

extraction solution was precipitated in the intennediate 33% v/v 2-propanol

precipitation step, a single quantity of alginate (equivalent to 5 alginate beads) was

subjected to increasing concentrations of 2-propanol. At a concentnllion of 33 %

v/v 2-propanol ail of the alginate contained in solution was precipitated (figure

II). The DMMB assay was found to have a linear range within the working

concentrations of alginate used in these experiments [figure 11 (inset»).
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Figure 11. Precipitation of alginate (equivaJent to 5 alginate beads) by increasing
concentrations of 2-propanol measured by DMMB assay. Points are
means of 4 replicates and error bars indicate standard deviations. The
broken line marks the concentration used to precipitate alginate in
culture e:<periments. Inset shows the linearity of the DMMB assay
when used to detect known concentrations of alginate within the range
of optical desities of interest. Error bars are not visible at the scale
used.

The quality of visual analysis was greatly improved by this method. Bands

of aggrecan down to products smaller than the DCNI8GN standard were

recovered (See figure 23b). Toluidine blue stained composite gels showed a smear

in Janes in which alginate-eontaining samples were applied (figure 12a, lane

indicated by "-"). Autoradiography yielded clear bands in propanol treated samples

(figure 12b "+" lane) and diffuse, further migrating smears in untreated samples

(figure 12b "-" lane). Smearing became much worse in the presence of larger

amounts of alginate, as was observed in untreated samples of AF cells cultured in

FCS or NP cells cultured in serum-free medium (not shown). In these samples,

more extract had to be loaded per lane in order to achieve the minimum 7500 cpm

per lane.

35S-labelled PGs from monolayer culture to which was added the

equivalent amount of alginate contained in 5 alginate beads, yielded identical PO

profiles when treated with 2-propanol as thase to which no alginate was added

(not shown). The same sample from which alginate was not removed yielded a
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smear in which no distinct bands could be discemed. A spurious band which

stained with toluidine blue was observed in 2-propanol precipitated alginate

containing samples if CHAPS was omitted from the 4M GuHCI extraction

solution.
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FilUre 12. Gel electrophoresis of bovine adult nucleus pulposus samples with or
without removal of alginate. First lane (Std) indicates 5~g of standard
bovine foetal aggrecan. (+) indicates sample from which alginate was
removed and (-) not removed. The arrowhead shows the position of
the standard in ail panels. a) Toluidine blue stained composite gel:
Black arrow highlights the smear observed in samples containing
alginate. b) Autoradiography of the gel shown in "a". c) Western blot
with 3B3 antibody on the same samples following digestion with
chondroitinase ABC and run on 5% SOS-PAGE. Note the distonion of
the standard caused by running alginate containing samples on the
same gel.
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Samples subjected to SOS-PAGE also displayed a great deal of distortion

when alginate was not removed. Figure 12c shows the appearance of PGs isolated

from within alginate beads with (+) and without (-) removal of alginate. Samples

were digested with Ch'ase ABC and electrophoresed on SDS-PAGE followed by

Western blotting with the 3-8-3 antibody. le was also observed that in both SOS

PAGE and composite gels, even samples that did not contain alginate were

distorted to varying degrees when run on the same gels aJongside alginate

containing sampies. This was especiaJly true of samples run in the outer lanes. The

amperage observed in electrophoretic runs of alginate containing samples was

sometimes twice that observed for alginate-free samples.
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Fipre 13. Autoradiography of a composite gel showing the effect of papain and
chondroitinase ABC on 3sS-labelled proteoglycans recovered by 75%
2-propanol precipitation following intermediate 33% 2-propanol
precipitation of bovine nucleus pulposus cells cultured in alginate at
day 10 of culture in presence of serum. Lane a) no enzyme lreatment,
b) treated with papain. c) treated with chondroitinase ABC, d) papain
followed by subsequent Ch'ase ABC treatment. The position of
standards was detennined by toluidine blue staining of the following:
Aggrecan=bovine foetal epiphyseal, DCNIBGN=bovine nasal decorin
and biglycan. GAG highlights the position of glycosaminoglycan
chains obtained after papain digestion of proteoglycans.
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To further prove that the 3sS-labelied compounds resolved on composite

gels were actually PGs, a1ginate-free samples were treated with Ch'ase ABC and

papain respectively and subsequently (figure 13). In figure 13b, the effeet of

papain on the isolated molecules was consistent with thal of ils effect on large CS

PGs, by which ail molecules are cleaved into faster migrating products labelled

GAG. Ch'ase ABC (figure 13e) which cleaves GAG chains into smaller sugar

units, was observed to diminish the presence of 3sS-labelied molecules. These two

enzymes used sequentially (figure 13d) eliminated the molecules almost entirely.

4.5) Visualisation of proteoglycans produced in culture with FCS:

Inilially il was only possible to visualise PGs in monolayer culture. As

mentioned in section 3.6, difficulties arising from the presence of alginate in

extracts of alginate bead cultures made it unfeasible to visualise PGs synthesised

in these cultures. PGs extracted from cell monolayers showed age-related

differences. In the NP, the PG profiles of foetal cells consisted of two major

bands, the slower migrating one being the most intense (figure 14a). In the calf,

the two bands were of equal intensity, white in the adult, these two bands were no

longer observed (figure 14a). Also, there appeared to he an age related increase in

a fast migrating form which ran below the DCNIBGN standard and close to the

position of papain generated GAG chains.

PGs released into the Inedium were very similar in the foetus and calf, to

those observed in the ccII layer (figure 14b). In the medium of adult NP cells

however, there was evidence of the bands thought to correspond to aggrecan, not

observed in the adult cell layer. Also, the fastest migrating band, running close to

the position of papain generated GAG chains, was not present in the medium of

NP cells cultured in monolayer at any age. It must he noled that while ail lanes

were loaded with an equivalent number of cpm 3SS, for both cell layer and

medium, the amount observable in the adult appears 10 be inferior to that of the

foetus and calf possibly due to greater heterogeny of the PGs extracted from adult

NP eell monolayers.

36



Aggrec.n ~

DCNI8GN ~

Aggrec.n ~

DCNI8GN ~

F c A

Fipre 14. Autoradiography of a composite gel of 35S-labelled proteoglycans
synthesized by bovine nucleus pulposus cells after 10 days in serum
containing monolayer cultures. a) cell layer and b) medium. Loads are
equalized to 15000 cpm per lane. F=foetus. C=calf and A=adult.
[Aggrecan=the position of bovine foetal epiphyseal aggrecan.
DCNIBGN=the position of bovine nasal decorin and biglycan
(detennined by toluidine blue staining of standards; Not shown).

With the technique elaborated in section 3.6. it became possible to

visualise the profiles of 3sS-labelled labelled PGs synthesised by cells cultured in

alginate beads. Calf and adult AF cells were able to survive and produce PGs in

serum-containing alginate bead cultures. In contrast. few cultures of foetal AF

cells survived in three-dimensional culture. Three major bands were observed in

PGs extracted from within alginate beads containing AF eeUs (figure 15a). A

striking difference in eleclrophoretic profile was observed between cultures of AF

37



cells from young animais (foetus and calO when compared to those of the adult.

Adult AF cells produced a distinct band of a large 3sS-labelled PG, while thase

synthesised by young animais tended to he more heterogeneous (figure 15a). For

PGs extracted from NP cells cultured in alginate beads, the same PG profile was

observed at ail ages, with the presence of a single major band, corresponding to

aggrecan (figure ISe). Longer exposures yielded the presence of a fast migrating

band migrating close to the position of papain generaled GAG chains, as shown

for calf and adult in figure 23b.
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FllUre 15. 3sS-labelled proteoglycans from bovine dise cells in alginate beads at
day lOin serum-eontaining culture electrophoresed on composite gels.
a) annulus fibrosus (AF) alginate beads b) AF medium c) nucleus
pulposus (NP) alginate beads d) NP medium F=foetus, C=calf and
A=adult. a and c equalized to 15000 cpm per lane (24 hour exposure).
b and d equalized to 5000 epm per Jane, except foetal annulus medium
in b which is substantially less, (6 day exposure). [Aggreean=the
position of bovine foetal epiphyseal aggrecan. DCNIBGN=the position
of bovine nasal decorin and biglycan (determined by toluidine blue
staining of standards; not shown).
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PGs were essentially undetectable in the medium of alginate bead AF cell

cultures (figure t5b) when directly compared to those of NP ceUs (figure 15d). In

NP cellst there was an age related increase in products observed in the medium.

The major form was observed to migrate between the positions of the aggrecan

and the DCNI8GN standards (figure 15d). Longer exposures shown in figure 23c

revealed the presence of aggrecan in the medium particularly in cultures of adult

NP eeUs. Focusing on NP cells in monolayer, as observed when comparing ecU

monolayers to medium (figure 14), the presence of the fastest migrating form

running close to the position of papain generated GAG chains was only observed

within the celilayer (figure 14a). A similar observation was made in alginate bead

cultures in (hat this same band was observed within the alginate matrix (figure

23b) but was not detected in the medium (figure 23c).

4.6) Proteoglycans from direct tissue extraction:

PGs from cuitured cells were compared to those found in vivo. Extracts

from AF and NP tissues immediately after dissection showed both zonal and age

related differences in PO profiles. In generaJ, the major band observed on

CAPAGE was of slightly greater mobility than the bovine foetal epiphyseal

aggrecan, used as a standard. Also, PO molecules extracted from NP tissues were

slightly less mobile than those of the AF (figure 16).

In lumbar tissues, the major differences were observed between different

age groups (figure 16a). In the foetus, a single major band was seent in both AF

and NP (NP had to be diluted in order to solubilize all in SOS-PAGE buffer).

Banding patterns in the calf were again similar between zones, however a lower

band became evident. In the adult, this lower form consistently accounted for most

of the PO extractable from NP in both lumbar (figure 16a) and tail (figure 16b)

tissues.

Bovine tail NP tissues yielded PO profiles which were similar to those

obtained in the lumbar NP (figure 16b). On the other hand. PGs extracted from tail

AF tissues showed differences with respect to thase of the lumbar AF and NP

(both tail and lumbar), especially in younger animais. The major band observed in

foetus tail AF tissue, migrated slightly above the DCN\BGN standard. A similar
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band was observed in tail AF extracts (figure 16b) from caJves, though aggrecan

was clearly detectable in these tissues. Adult tail AF extracts resembled those of

the NP and in tum, to those obtained from the lumbar AF region (figure 16a).
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Fllure 16. Toluidine blue stained composite gels of GuHCI extracted
proteoglycans from annulus fibrosus (AF) and nucleus pulposus (NP)
tissues of bovine intervertebral dises. a) lumbar and b) tail. Samples
are equalized to 51!g chondroitin sulphate per Jane by DMMB assay
with the exception of foetallumbar NP which had to be diluted 1:20 in
order to avoid gelalion in the SDS containing sample buffer. Std=
standards: Aggrecan=bovine foetal epiphyseal, 5~g; DeN./BON.=
bovine nasal decorin and biglycan, 2~g.

Relative levels of both DeN and BGN were also detennined using specifie

antibodies to their core proteins. Levels of DeN were round to he substantially

higher in extracts of AF tissue at ail ages than in those of the NP. Levels of DeN

were often undeteclable with the antibody used against 2.5 IJg CS per lane in

extracts of NP tissues al ail ages (figure 17a). However, in longer exposures of

blots to chemiluminescence film, sorne reaction could he observed (See figure
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24a, lanes indicated UDE"). Reactivity with the foetal AF was much higher than

that seen in ail ather tissues since the levels observed were on a substantiaJly

lower per CS basis. The standard 2.5 mg CS per lane could not be loaded for these

samples since CS levels were undetectable by DMMB assay.

Reactivity of the antibody to BON was seen in ail tissues of the bovine tail

IVD (figure 17b). As for DeN. the AF showed mueh greater reaetivity than those

of the NP. However with BON. an age related deerease in relative levels was

observed in both tissues. Again, as for DeN. amounts of CS loaded for the foetus

AF are much less than those for aIl other tissues.
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Figure 17. Western blots of small proteoglyeans extracted from bovine tait dise
tissues with 4M GuHCI and run on 10% SDS-PAGE after treatment of
samples with chondroitinase ABC and keratanase Il. a) blotted with
anti-decorin and b) anti-biglycan. Reactive bands were resolved using
a chemiluminescent substrate for alkaline phosphatase. +ve
Cntl.=positive control: bovine nasal PO (reactivity at approximately
100 kDa is thought to he due to dimerization), AF=annulus fibrosus.
NP=nucleus pulposus. Loads were equalized to 2.5J!g chondroitin
sulphate (CS) per lane by DMMB assay except foetal AF in which CS
levels were undeteetable.
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4.7) Determination of GAG chain length in Pas produced by NP cells culturcd in
fCS (alginate beadsl:

To detennine whether there were differences in length of the GAG chains

synthesised in vitro vs. in vivo, extracts were subjected to chromatography on

Sepharose CL-6B resin. PGs extracted from foetal NP tissue had the longest GAG

chains (Kav=O.57) (figure 18 top), when compared to those from tissue extracts

from calf "nd adult (bolh Kllv=O.62), (figure 18 middle and bottom). The same

pattern was observed in fCS culture (data not shown). GAG chains of PGs

extracted from foetal NP cells cultured in alginate beads were longer (KllV=O.SO)

compared 10 those of calves and adults (Kllv=O.62). As shawn, no difference in

GAG chain length was observed between tissue extractions and PGs synthesised

by calf and adult NP cells after 10 days of culture in FCS.
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FilUre 18. CL-6B column chromatography profiles of glycosarninoglycan chains
from PGs extracted from tail nucleus pulposus (NP) tissue [black
~ints with solid line] measured by DMMB assay [left had axis] and
sS-labelled proteoglycans from alginate bead cultures of NP cells al

day 10 [white points with dotted Hoe] measured by liquid scintillation
couDting [right hand axis]. Broken vertical line indicates the position
of foetus direct extraction (54th. fraction).
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4.8) Cell viability and proliferation in serum·free culture within alsinate beads:

AF cells were viable in alginate bead culture with serum however, they

couId not be maintained in serum·free culture (data not shown). For this reason.

the focus was directed to growth factor stimulation of NP cells which were viable

in ITS (figure 19). At day 5 of culture, no difference was observed in ccII

proliferation between cells cultured in ITS (white bars) and ITS+TGF-Ji 1 (black

bars). This was true in both calf (Ieft panel) and adult (right panel). No

proliferation was observed in rrs ~ultur~s of bolh calf and adult cells at bolh days

5 and 10. Significant cell proliferation (2 fold, p<.05, One way ANOVA) was

however observed in TGF-~ 1 treated cultures of calf ceils from day 5 to day 10 of

culture. Though a similar increase in cell proliferation was observed in adult NP

cells, this was not found to be significant.
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Flpre 19. Quantification of DNA in serum-free cultures of bovine nucleus
pulposus cells in alginate beads. White bars=serum-free medium (ITS)
and black bars= ITS+TGF-p 1 at 1 ng/ml. Error bars indicate standard
deviations. Numbers above each bar indicate the sample size.
Significant differences obtained by One way ANOVA ( * = p<.OS) are
indicated.
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When comparing treated and untreated groups within each age category, a

two fold higher DNA content was observed in ITS+TGF-~1 versus ITS cultured

calf NP cells at day 10 (p<.OS, One way ANOVA). Again, this was not significant

for the cells of the adult. Comparison of DNA contents of NP cells from the two

respective age groups in serum-free culture to {hase of NP cells in FCS yielded

that there was no difference at day 5. However at day 10, calf NP cells cultured in

ITS had 2 times lower DNA content [han their counterparts in FCS (p<.OS. One

way ANOVA). For the same comparison, a 2.4 fold less content was observed in

adult NP cells at day 10 of culture (p<.OS, One way ANOVA). These differences

between !TS and FCS cultures are a refleetion of the increase in proliferation in

the latter along with no proliferation seen in ITS cultures. In both calf and adult

cells, the difference in DNA content between FCS and TGF treated cultures was

not significant.

4.9) Quantification of PG synthesis in serum·free culture with and without TGF

J!.t
TGF-~ 1 was observed to have a positive effeet on overall PG synthesis by

day S of culture as shawn in figure 20. rrs cultures (white bars) had significantly

lower PO synthesis rates than cultures with TOF-~ 1 (black bars) and this at both

days 5 (3.6 fold in the calf and 3.1 fold in the adult, p<.05, One way ANOVA) and

10 (5.9 fold in the calf and 6.2 fold in the adult, p<.OS, One way ANOVA) of

culture.

In comparison to FCS cultures (not shown) at both days 5 and 10, cells of

bath calf and adult NP cultured in lTS had synthetic rates which were not

significanlly different. However, TGF·~1 trealed cultures differed from cells in

FCS in that a 3 fold higher rate was observed in the calf and a 4.3 fold higher rate

in the adult (p<.05, One way ANOVA).

The proportion of newly synthesised PO produced by NP cells retained

within alginate beads and that lost to medium was calculated and depicted in

figure 21. The amount of PO released iota the medium was generally less than that

retained within alginate beads. The highest proportional loss into medium was

observed in alginate cultures treated with rrs alone shawn as white bars in figure

21. This loss was observed in bath calf (Ieft panel) and in adult (right panel), as
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early as day 5 of culture and was maintained at day 10. In comparison, serum-free

cultures of NP cells treated with TGF-Ji 1, showed a marked decrease in proportion

of PG released. this loss ranging from 5-10%, at both lime (black bars, figure 21).

However lhis was only significantly different in lTS treated cells of the calf at both

days 5 (4.9 fold difference. p<.OS. Rank sum test) and 10 (7.4 fold difference,

p<.05. Rank sum test).
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FilUre 20. Proteoglycan synlhesis in serum-free cultures of bovine nucleus
pulposus ceUs in alginate beads. White bars=serum-free medium (ITS)
and black bars= lTS+TGF-p 1 al 1 ng/ml. Error bars indicate standard
deviations. Numbers above each bar indicate the sample size.
Significant differences obtained by one way ANOVA ( * =p<.05) are
indicated.

Figure 21 also includes the proportions calculated for NP eeUs grown in

FCS shown as grey bars. Newly synthesised PO release into medium was

significantly higher in FCS cultures lhan in those in rrs+TGF-p 1 in the calf at day

10 (3.9 fold difference, p<.OI. Rank sum test) and in the adult al both lime points

(day 5: 3.8 rold difference, day 10: 2.5 fold difference, p<.01, Rank sum test). No

significant difference in PO release was obtained between FCS and lTS cultures al
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either age group or lime point in culture. Statistics were not very powerful due to

low numbers (0=2-4) however, it was ooted lhat results obtained by CAPAGE of

PG released into medium (enumerated in section 4.10) are in accordance with the

trends observed. No difference eould be reported between respective treatments at

both time points of culture and lhis for both calf and adult cells.
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Figure 21. Percentage of labelled proteoglycan released into medium compared to
total (within alginate beads + released into medium) from bovine
nucleus pulposus eells. Grey bars=FCS cultures, white bars=serum
free medium (ITS) and black bars= rrs+TOF-Ji 1at 1 ng/ml. Error bars
indicate standard deviatioos. Numbers above each bar indicate the
sample size. Significant differences obtained by Mann-Whittney Rank
Sum test ( * = p<.05, ** = p<.O 1) are indicated.

4.10) Visualisation of Pas synthesised in serum-free culture:

PGs produced in serum-free culture could initially only he visualised in

monolayer culture due to the difficulties in resolving thase produced in alginate

bead culture. Little difference was observed between PGs produced by NP cells in

ITS and TOF culture of young animais (not shown). These were also not very

different from those obtained in cultures with serum. In the adult however, culture
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in rrs or lTS+TGF-p 1 reveaJed the presence of bands migrating slightly below the

aggrecan standard (figure 22a). In the medium, shown in figure 22b, the

electrophoretic profiles were similar in ail treatments and age groups (foetus and

calf not shown).

Aggrecan ~

DCNlBGN ~

Aggrecan ~

DCNlBGN ~

Fes ITS TGF

Figure 21. Autoradiography of composite gel electrophoresis of bovine adult tai1
nucleus pulposus newly synthesized PO al day 10 of monolayer
culture in: FCS=cultures with serum; lTS=serum-free medium;
TGF=lTS+TGF-IJ 1 al 1 ng/ml. a) cell layer and b) medium. Loads
were equalized to 15000 cpm per lane. Similar results were oblained
for foetus and calf NP eells (not shown). [Aggrecan=the position of
bovine foetal epiphyseal aggrecan. DCNIBGN=the position of bovine
nasal decorin and biglycan (determined by toluidine blue staining of
standards; Not shown).
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calf adult

FilUre 23. Composite gel analysis of Pas synthesized by nucleus pulposus cells
encapsulated in alginate beads (DAY 10). a) Toluidine blue slained gel
(PGs extracted from beads), b) Autoradiography of the same gel
shown in a. Loads equalized to 15000 cpm per lane, with 48 hour
exposure. c) Autoradiography of PGs precipitated form medium (lanes
loaded on a per culture weil basis). [Aggrecan=the position of bovine
foetal epiphyseal aggrecan. DCNI8GN=the position of bovine nasal
decorin and biglycan (determined by toluidine blue staining of
standards; Not shown). FCS= cultures with serum ; TGF=ITS+TGF
Pl al 1 ng/ml. Similar results were obtained for ITS alone (not shown)
as those shown for fCS.
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Using the technique described in section 3.6, PGs could be separated from

alginate and visualised on CAPAGE. The most prominent band observed in

alginate beads was aggrecan which was present in large enough quantity to he

stained with toluidine blue (figure 23a). Similar electrophoretic profiles were

observed in ITS and FCS cultures, for this reason, results for ITS cultures are not

shown in figure 23. Autoradiography of CAPAGE yielded a slightly larger fonn of

aggrecan produced by NP cells treated with TGF-~ l, also observed with toluidine

bluc staining, and this in bath calf and adult (figure 23b). The fastest nligrating

band seen in FCS and ITS cultures, migrating below the DCNIBGN was not

observed in alginate bead extracts of growth factor treated NP cells. A

proportional increase in intensity of a band which migrated alongside the

DCNIBGN standard was noted in TGF-p 1 treated cultures when compared to

those in FCS and ITS (oot shown) (figure 23b).

PGs released into the medium of TGF-~1 treated cultures were smaller

than those from NP ceUs cultured in FCS and ITS cultures as shown in figure 23c.

The single band observed with TGF-Ji 1 treatment co-migrated with the DCNIBGN

standard. Those released from FCS Md rrs cultures consisted of a major band

which migrated slower than the DCNI8GN standard and another band

corresponding to aggrecan. The reduction in amount of newly synthesised PO lost

to the medium from the alginate matrix in cultures treated with TGF-~ 1 compared

to those in serum or ITS is appreciable for adult cells (figure 23c).

4.11) Analysis of small Pas in NP cells cultured in alginate beads:

Levels of DeN and BON were determined by Western blot analysis using

specifie antibodies to their core proteins. Levels of DeN were undetectable in FCS

and lTS cultures of young animais, though in adults, very small amounts were

seen (figure 24a, rrs not shown). Treatment with TGF-p 1 increased the amount of

DeN produced in both calf and adult NP cells at day 10 of culture. Levels found

in vivo of the respective molecules could he compared from tissue extractions

(DE) run alongside as a reference in figure 24.

Similarly, BON levels were undetectable in culture with serum at ail age

groups (figure 24b). This was also true for calf and adult NP cells in rrs culture.
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TGF·~ 1 treated cultures showed a marked increase in levels of BON in both calf

and adult NP ceUs. These levels were similar to those observed in tissue

118~
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Figure 24. Western blot analysis with a) anti~eeorin and b) anti.biglyean antibodies on
chondroitinase ABC and keratanase 0 treated tissue extraets and extraets of
alginate beads at day 10 of culture from bovine mil nucleus pulposus. White
arrow indieates the position of the band thought to correspond to pro·
biglycan. DE=direct tissue extraction, FCS= eells cultured in presence of
serum (Similar results obtained in serum-free culture (ITS), not shown].
TGF=ITS+TGF·~ 1 at 1 ng/ml. Reactive bands were resolved using a
ehemiluminescent substrate for alkaline phosphatase.

extracts of calf NP tissue. A slower-migrating band was observed in calf and of

even greater intensity in the adult (indicated by a white arrow al the right edge of

figure 24b). This top band may be a fonn of BGN in which the propeptide has not

yel been removed.

4.12) GAG chain analysis of serum-free cultures:

GAG chains synthesised in serum-free culture were of the same size in

both rrs (white points) and ITS+TGF-~ 1 (black points), Kl1v=O.SO (figure 25, from

adult NP). This is comparatively larger than those of the adult NP eells cultured in

FCS and also those isolated from tissue (bath KlIv=O.62). This value compares

exactly to that obtained for foetal NP ceUs cultured in FCS. Extracts from calf NP

cells in serum-free medium aJone or with TGF-1l1 were not applied to column

chromatography for comparison.
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Figure 25. CL-68 column chromatography profiles of proteoglycans extracted
from adult tail nucleus pulposus cells in alginate beads cultured in
serum-free medium (ITS) [White points wilh dotted tine] and
ITS=TGF-~ 1 [Black points with solid line]. Broken vertical line
indicates the position of foetus direct extraction (54 ml.) for reference
[also shown on figure 17 top).

4.13) Evaluation of disc cell phenotype from AF and NP regions:

Growth of cells in high density monolayer culture showed differences in

gross morphology. CeUs from both the AF and NP regions were round upon

isolation as shown in lïgure 26a and 26b. By day 5 of culture. AF cells of the calf

had flattened out into a sheet of fibroblasts (figure 26c) while AF cells of the adult

still remained essentially polygonal (figure 26d). CeUs of the calf and adult NP

remained in a polygonal shape characteristic of chondrocytes (figure 26e and O,

Collagen profiles were used at day 10 of culture to detennine the

phenotype of cells sinee photography yielded poor resolution due to thickening of

monolayers. Figure 27a shows the electrophoretic profiles of 3H-labelled collagens

from culture media of AF and NP eells grown in monolayer culture. Type 1

collagen was present in AF ceUs of bath calf and adult, while no a2 chain was

observed in collagens synthesised by NP cells (figure 27a). Collagens from

alginate bead cultures. shown in figure 27b. had similar electrophoretic patterns as

those from monolayers for AF and NP regions respectively.
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Figure 26. Photographs of bovine tail intervertebral disc cells in high density
monolayer culture. Adult a) AF day 2; b) NP day 2; e) AF day 5; f) NP
day 5. Calf c) AF day 5; d) NP day 5. Cells of the calf AF and NP at day 2
(Not shown) had similar appearance to those of the adult. Magnification
320x.
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Figure 27. Autoradiography and fluorography of 3H labelled collagens precipitated
from pepsin treated medium al day 10 of culture (with serum), produced
by bovine disc cells a) monolayer culture and b) alginate bead culture.
Std=standard 3H-labelled Type 1 collagen, AF=annulus fibrosus,
NP=nucleus pulposus. Arrowheads indicate the positions of the collagen
al (1) or a 1(II) chains and a2(I) chain.
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5) DISCUSSION:

The major aim of this study was to develop a cell culture system in which

changes in the rate of synthesis of IVD matrix molecules could he evaJuated in

cells of animais of different ages. This work focused on the synthesis of small

interstitial and large aggregating PGs and the potential use of growth factors to

modulate the anabolism of these molecules.

Gro\vth factor stimulation of isolatcd IVD ceUs has been shown using TGF

p and IOF-I. Osada et al. effeetively used lOF-Ion adult bovine NP eeUs in

monolayer culture to stimulate PG synthesis. This study again only involved the

stimulation of cells from a single age and was performed on subcultured cells

seeded in monolayers (Osada R et aL, 1996). Gruber et al. showed that human AF

eells grown in alginate bead culture were responsive ta TGF-~ 1 with an elevated

expression of BON and liule effeet on levels of DeN by ten days of culture

(Gruber H.E et al., 1997). This study was based on surgical material from few

patients. Furthermore, cells had to be grown in monolayer culture and passaged

after isolation. presumably in order to expand cells numbers. Cell phenotype is

known to be affected by culture conditions and it is not clear for how long eells

were expanded prior to encapsulation in alginate. We have also perfonned alginate

bead cultures of both human AF and NP cells over a flfteen day period (not

described in this thesis). In our experience, there is a great deal of variation

between human samples therefore, many would have to he processed to obtain

conclusive results.

Our findings demonstrale the successful culture of IVD eells from animais

of different ages with a reflection of the decreased aggrecan synthesis in cells from

aged animais. This system also has the POtential ta be used to study the synthesis

of other matrix molecules and their degradation. Preliminary work on growth

factor stimulation showed effective modulation of PO synthesis in adult NP cells

by TOF-~ 1. Small PO fonns were also beneficially affected in that the amount of

both DeN and BON was increased on a per aggrecan basis in growth factor treated

calf and adult NP cells. Methodology is described for a simple two stage

precipitation method to remove alginate from PO containing GuHCI extracts and

the recovery of bath small and large PO fooos.
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With regards to methodology, two major issues had to be resolved in order

to successfully perform the experiments outlined in this work. First, the cell

isolation procedure had to be designed to yield the optimal conditions for cell

viability and number. Secondly, a method to separate both small and large PGs

from alginate had to be developed to enable the qualitative evaluation of the

molecules synthesised by encapsulated eells. These two issues will he diseussed in

dctail in the paragraphs which follow.

It was observed that cell yields could be optimised by using different types

of collagenase during the sequential enzyme digestion procedure. While the

numbers of recovered AF cells were not very different using type lA or D

collagenases, cell viability was often less than 50% when using type lA. For

nucleus cells, the yield was low using type II collagenase.

Differences in the Class 1 and Il collagenases from C. histolyticum have

been described in characterisation studies (Lwebuga-Mukasa l.S et. al., 1976). The

primary difference between the two classes is that the type n collagenase has a

much broader specificity than the type 1enzyme (Van Wart H.E et. al., 1985). The

finding that Class n collagenase was effective in producing cell yields with greater

viability than Class 1 in isolations of AF cells, may suggest that the packing of

collagen fibrils hinders the binding of the latter to potential cleavage sites. In

contrast, class D collagenase may disrupt the collagen matrix at many more sites

thus allowing further cleavage of previously shielded sequences. While explants

from bath AF and NP tissues were observed to swell during their initial immersion

into medium, AF tissue remained swollen following the initial digestion with

pronase. The observation that type 1 collagenase yielded lower cell viabilities in

AF tissue may be due to its lower efficiency in breaking up the AF matrix, rich in

type 1collagen.

The reduced rates of cell recovery by sequential enzyme digestion observed

from young to old animais is concurrent with the reduction in cell number in discs

of older animais (Buckwalter J.A et. al., 1989). AF ceUs were smaller upon

isolation than those of the NP and were ooly viable in alginate beads when cultured

in presence of serum. The small size of AF cells upon isolation along with the
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inability of these ceUs to survive in serum-free culture suggests inherent

differences between these and NP cells.

The second difficulty to be addressed was the removal of alginate from PO

containing samples. The observation that alginate is insoluble in a buffer

comprising of 33% v/v 2-propanol and 2.67 M GuHCI made it possible to

selectively separate alginate from PO which remains soluble under [hese

conditions (Bjornsson S., 1993; Masuda K et. aL, (994). It was also found [hat

CHAPS was essential in order to fully precipitate the aJginate present in samples.

Omission of this detergent was observed to yield paor resolution of the smaJl PGs

on autoradiography along with the presence of a fast migrating band which stained

with toluidine blue but did not contain radioactivity. This suggests that without

CHAPS, sorne alginate molecules remained in solution at 33% v/v 2-propanol.

The value of 40% alcohol, solvent tolerance (the alcohol concentration at

which alginate begins to precipitate) for alginate as quoted by the manufacurers is

for the compound dissolved in water. Therefore, the presence of divalent cations in

the solution does not appear to have been considered in the manufacturers

determination of solvent tolerance. The high charge on GunCI is likely to alter the

solvent properties so as to allow complete precipitation of alginate around 30% v/v

alcohol. 2-propanol was used in these experiments though at 33% v/v EtOH,

complete precipitation was also observed. At concentrations below 33% v/v, EIOH

was less effective than 2-propanol in partially precipitating alginate.

The interference of alginate in the DMMB assay described by Farndale et

al. has been recognized (FarndaJe R.K et. al., 1986; Enobakhare B.O et. al., 1996).

For our purposes, this interaction was of benefit since it a1lowed us to quantify

alginate remaining in samples under study. In this application of the assay it was

however vital to establish that there was a linearity within the range of

measurement of alginate for the working concentrations used. Thus the plateau in

the curve obtained beyond 33% v/v final concentration 2-propanol truly indicates

that the maximum amount of alginate in solution has been precipitated at this

concentration of a1cohol. Furthennore, no staining of a band corresponding to the

migration position of alginate could be detected by toluidine blue staining, again
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demonstrating total precipitation of alginate at 33% v/v final 2-propanol

concentration.

As expected, the distortion of bands observed on composite gels was

increased with greater concentrations of alginate in samples. Also, when

attempting to equalize sample lanes (on a per cpm or per J.lg CS basis), different

quantities of alginate were inevitably present in each sample. Samples containing

the greatest quantities of alginate were observed to migrate further than those with

less. In samplcs whcre the total cpm was very low, therefore c.:quiring the

equivalent of ail five alginate beads to he loaded on the gel, the radioactivity was

found to be diffused throughout the gel. Also. the presence of a single sample

containing alginate on a gel was sufficient to disrupt the migration of samples in

the ouler lanes, often loaded with alginate-free standards.

Medium samples were also found to contain alginate, though expectedly in

much smaller amounts than in GuHCI extracls. This was however enough to

disrupt migration since relatively large quantities of medium were required to be

loaded in order to obtain a sufficient signal. Il was found that the precipitation

method to remove alginate yielded a significant improvement in band resolution.

Similar difficulties were overcome for SOS-PAGE. The quantity of

alginate in samples made il initially impossible to resolve any electrophoretic

profiles. 80th large MW proteins; aggrecan core protein (in the range of 300 kDa)

and small MW; DeN and BON (in the range of 40 kDa) could he resolved

following removal of alginate with 2-PrOH.

Another minor methodological issue involving the compatibility of the

fluorescent dye binding assay to quanlify DNA content of alginate bead cell

cultures was also adressed. The results obtained when comparing paired samples

either with ceUs isolated from within alginate beads after ten days in culture or

with beads simply solubilized prior to proleinase K digestion, were significantly

correlated. The higher values obtained with alginate still present in the sample only

accounted for about 5 percent of the total value (the "gold standard" was taken as

the values obtained for samples free of alginate). This indicates that the

fluorescence measurements obtained are a true reflection of the cell number of live

ceUs present al each time point.
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Since samples containing alginate were found 10 yield exactly double the

percent fluorescence emitted by Hoechst 33258 when bound to, it was necessary to

include il when diluting standards. This was observed in a manner which was not

dependant on the concentration of alginate in solution in the range of

concentrations used (1-3 mg/ml, final concentration). Bisbezimide is known to

bind to A-T pairs within the minor groove of DNA molecules (Martin R.f et. al.,

1983). Following the binding of the positively charged moiety of bisbenzimide,

hydrogen bonding between its hydroxyl group and thosc present on DNA may

occur (Jin R et al .• 1988), however, sorne bonding my also occur with the polar

groups on alginate sugars.

Patterns of cell growth were determined using the fluorescent dye binding

assay as described above. In culture with serum, viability was ohserved in bath AF

and NP cells. By the end of the culture period, ceUs of the foetus were generaJly

(though not statisticaJly significant) in highest number. Calf and adult NP cell

numbers were not significantly different at both lime points measured.

The age-related decrease in PO synthetic rate of NP cells by day 10 of

culture retlects the pattern observed in vivo in humans (Antoniou J., et aL, 1996).

While the sample size of foetal NP is low due to the difficulty to ohtain sufficient

cells from a single animal, ail values obtained were higher than any of those

observed for single calf or adult cells. Rates of newly synthesized PG loss into the

medium showed a trend toward higher release in the adult NP compared to calf,

though this did not significantly alter the pattern observed. The obtention of this

pattern at day 10 of culture prompted our choice 10 focus on this lime point for

analysis of growth factor treated cells. Due to the low yield of foetal NP cells,

growth factor stimulation was only perfonned on calf and adult cells.

The type of PO synthesized by AF cells in alginate beads from each age

group as evaJuated by CAPAGE indicated that adult ecUs produced a greater

proponion of aggrecan (on an equaJ cpm basis) than did young animais. This

retlects the PO profiles obtained by direct tissue extraction, showing that with

increasing age, the cells of the AF produce aggrecan as the major PO fonn. Greater

amounts of a smaller form of PO migrating above the DCNIDGN standard
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observed in FCS cultured AF ceUs also reflects the higher quantity of these small

PGs seen in the AF relative to the NP in vivo. At ail ages NP cel1s in culture with

serum produced a single fonn of aggrecan most of which was retained within the

alginate bead. Furthennore, the larger fonn migrating alongside the bovine

epiphyseal aggrecan standard in ceUs of the AF in alginate beads, shows that there

is a consistent difference at ail ages between AF and NP cells in this culture

system.

The similarity of newly synthesilèu PG from cultured NP eel1s at aIl ages

separated on CAPAGE indicates that these cel1s conserve the potential to produce

similar molecules at ail ages. While we did perform toluidine blue staining of gels

in order to visualize the PGs resident over the full culture period, no other bands

than intact aggrecan were observed. Differences in GAG chain length were

however observed. The alginate bead culture system allowed the GAG chain

length of aggrecan synthesized by calf and adult NP ceUs to remain constant for up

to 10 days of culture. A previous study showed that GAG chains from cultured

foetal NP cells were longer than those synthesized in vivo (Mitchell 0 et. aJ., 1981)

as we have observed. ft is known that aggrecan from foetal animais is substituted

with CS chains white that of adults is increasingly substituted with shorter KS

chains (Webber C et al., 1987).

AF eeUs secreted very tinle newly synthesized PG into the medium. ln

contrast, NP eeUs showed an age related increase in labelled PG release into the

medium and even a loss of seemingly intact aggrecan in adult cells. Since the cell

number was not significantly different between calf and adult cells, this reduced

ability to retain newly synthesized molecules in alginate beads m"y be due to

alterations in the process of extracellular matrix assembly. This increase in release

of PO fragments into the medium with age in serum-rich alginate bead cultures of

NP ceUs may he a reflection of an age related increase in processing as seen in

vivo. An increased MMP/aggrecanase activity could he suggested however further

studies would he necessary to better explain why large amounts of seemingly intact

aggrecan are released (as viewed on CAPAGE). Other investigators have shown

that disc cells eultured in alginate beads in presence of serum, release

approximately 70% of the collagen produced throughout the culture pcriod (Chiba

K et. aL, 1998). A reduction in synthesis of small PGs observed in cultures with
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serum may in part explain this release since collagen fibril assembly would Iikely

he less efficient without adequate quantities of these regulatory molecules.

As mentioned previously, gel electrophoresis was initially only possible for

PGs extracted from monolayer cultures. Monolayer cultures are a less realistic

model than alginate beads to study intervertebral disc cell metabolism, being two

dimensional and having a high concentration of cells in close proximity unlike the

in vivo state. However, the electrophoretic profiles showed that sorne processing of

newly synthesised aggrecan could he observeJ, renecling the patterns seen in vivo.

Cell monolayers of adult NP cells contained almost no intact aggrecan indicating

intense enzymatic activity soon after synthesis. This observation can be eompared

to the in vivo state in which electrophoretic profiles show that the aggreean

extractable from adult dise tissues can be separated into more than one fonn

suggesting increased processing.

The different PO profiles of AF tissue (tail vs. lumbar) seen in young

animais suggest a difference in environment or cet: type populating these

respective tissues at the different levels of the spine. Contrary to the lumbar AF

region, the tail AF region of the foetus was rich in small PGs and almost devoid of

aggrecan. Signifieant loads would not he expected on foetal tail AF tissue, but

would be expected to have an increased effeet on the response of cells to their

mechanical environment in the calf and especially in the adult. It could he

speculated that this is part of the developmental process which prepares the

structures of the animal' s spine for the forces which will he placed upon il

immediately after binh. The disc tissues of the lumbar region may therefore mature

eartier than those of the the tail. The appearance of large quantities of small PGs

relative to that of aggrecan (as equalized per lane by CS) indicates the presence of

a tissue which is more ligament-Iike in the tail region than the more cartilage-like

tissue seen in the lumbar spine. The PG content of adult bovine collateral ligament

has been described by Hey as being essentially 20% large aggregating PGs and

80% small PO (Hey N.J et. al., (990). Similarly, Vogel has shown that there was a

change in relative proponion of PO types in regions experiencing different loads in

bovine adult tendon (Vogel K.G et. aL, 1985). Regions subjected to greater

compression are enriched with large CS PGs compared to those areas not subjected
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to these k.inds of forces. In the same way it may he that the reduction in the

proportion of small PGs compared ta aggrecan observed with age in the AF in vivo

may refleet the meehanical load experienced by the tissue.

This characteristie appears to change quite drasticaJly in the period of

young age (calf) and that of adulthood where PG from AF regions of tail and

lumbar dises appear very similar in the adult animal. No differenees were observed

between PGs from the NP regions of tail and lumber dises.

The aggrecan residing in the AF migrated faster than that of the NP and this

most noticeably in young animais. Since differences in GAG chain length were not

determined between these two zones, it is not known whether this is due to

different processing of the core protein or that of GAG chain length. Very

preliminary data, using the 383 antibody and an antibody specifie for the G1

domain, suggests that the aggrecan core protein isolated from adult tissues was

processed to a greater extent than that of younger tissues (data not shown).

As the cell culture system we have described has focused on cells isolated

from the tail region of the spine, further study of the small PGs were carried out on

this region only. The age and tissue-related differences in the tail region observed

by toluidine blue staining were confinned using antibodies to the core proteins of

DeN and BON. With respect ta DeN and BGN, a significantly greater quantity

was observed in foetal AF tissue when compared to bath calf and adult. In light of

the association between DeN and collagen fibrils (Danielson K.G et. al., 1997),

these results suggest a much higher collagen content per CS (aggrecan) in young

than in aider AF tissue. Similarly, the observation that DeN was barely detectable

in NP tissues at ail ages retlects the difference in collagen content between these

two zones (25% dry weight NP, 80-90% dry weight AF) (Antoniou J et aL, 1996).

Phenotypic differences between cells of the zones of the dise under study

could be clearly identified in monolayer culture. It is known that fibroblast like

cells flatten out rapidly when plated on plastic surfaces and produce type 1

collagen. The ceUs of the AF rapidly adopted a fibroblast-like morphology in

monolayer and this was in contrast to those of the NP, which remained mostly

polygonal throughout the 10 days of culture. eeus from calf discs became

61



fibroblastic in a much shorter delay than those of the adult indicating that there

probably is age related differences as weil.

In contrast to those of the AF, cells from NP zones of both calf and adult

remained chondrocytic in monolayer culture as confirmed by collagen profiles,

where an absence of the a2(n chain was observed in the medium. Similarly,

anicular cartilage chondrocytes have been shawn to maintain their phenotype

(production of type D collagen) for up to 16 days in high density culture (Kuettner

K.E et. al., 1982). This diffcrcncc in cclI phenotype couId also be 1l1aintaineù in

alginate bead cultures with survival of both chondrocytes and fibroblasts in culture

with serum.

Following the observation that the pattern of reduced aggrecan synthesis

with age observed in humans couId be demonstrated in a cell culture mode1, the

objective then became to stimulate synthesis in aged cells with growth factors.

Qlher studies have shown that TGF-~ is an important regulator of PG synthesis in

chondrocytes. TGF-~ having been shown to bind to DeN and BON and to act as a

potential storage reservoir within the tissue (Yamaguchi Y et. al., 1990;

Hildebrand A et. aL, 1994; Imai K et. aL, 1997), levels of which may in pan

explain why there is less synthesis of aggrecan and greater over ail catabolism with

age (Edwards D.R et. aL, 1996; Zeng G et. al., 1996). The reduction in available

TOF-p has also been associated wth decreased over ail PG synthesis in calf

anicular cardage expiant cultures (Morales T.I. t 1992). funhennore, the

observation that exogenous TGF-~ added to these cultures increased the levels of

BON synthesis suggests a relationship between this small PO and the growth

factor.

TGF-~ has also been described as having a mitogenic effect in fibroblasts

and chondrocytes. In our cultures, NP cells survived but did not proliferate in

serum-free medium. In both calf and adult however the rapid increase in cell

number observed from day 5 to 10 show that these cells were sensitive to the

mitogenic effect of TGF-pl as previously reported in fibroblasts (Jeoung 0-1 et.

a1. t 1995) and in articular chondrocytes (Skantze K.A et. al. t 1985). Ishikawa et. al.

described how human fibroblasts were succeptible to the mitogenic effect of TGF

IJ via a pathway involving the PDGF receptor (Ishikawa 0 et. a1. t 1990).
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Due to the presence of insulin in our serum-free medium, it can not be ruled

out that the observed mitogenic effeet is due to a synergy between the two factors.

The lack of cell proliferation observed in serum-free cultures discounts the

possibility that insulin aJone can be mitogcnic at the concentration used in this cell

culture system.

While no mitogenic effect was seen aCter 2 days of exposure to TGF-~ 1

(day 5), an increase in PG synthesis was observed by this time. This increase was

lnainlained al a sleady slate unlil the end of the culture period. This rapid increase

in PO synthesis has also been reported in cultured articular cartilage (Morales T.I

et. aL, 1988; Morales T.l, 1994) and tendon fibrocartilage explants (Vogel G.V et.

al., 1992) explants and cultured chondrocytes treated with this growth factor (van

der Kraan P et. al, 1992).

The potential of TGF-~1 in stimulating synthesis of matrix molecules is

illustrated by the effect on DCN and BON synthesis. The total amount of these

small POs (synthesised throughout the entire culture period and retained within

alginate beads) relative to the total amount of aggrecan present was found to be

increased for both small PGs in cells treated with the growth factor. This ratio is

comparable in TGF-~ 1 treated cells to that observed in direct extractions of NP

tissues from young animais.

Highest levels of a larger form of the BON core protein were observed in

alginate bead extracts of adult NP eells treated with TGF-~ 1. Neither fonn could

he detected without Ch'ase ABC (reatment indicating that both forms appear to bc

substituted with GAG chains (data not shown). The antibody to BON is directed to

a sequence in the C-terminus and il has been found that there is decreased

reactivity to the intact molecule possibly due to hindrance of the epitope by GAG

chains (Roughley Pol et. aL, 1993). This may represent a less processed form of the

core protein which is also observed in calf TGF-~ 1 treated NP cells, though with

Jess abundance. Presence of pro-forms of BON have been shown to increase with

age in human NP tissue (Roughley P.l et. al., 1996).

The effect of TOF-IJ 1 in reducing the loss of aggreean from the alginate

bead matrix may be due to the upregulation of the synthesis of small PO. White the

synthesis of other matrix molecules was not studied in depth in Ihis work. there is

evidence that collagen synthesised by chondrocytes encapsulated in alginate beads
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is normal with respect to Iysyl- and prolyl- hydroxylation (Beekman B et. al. 7

1997). These studies however did not establish whether collagen fibrils were

normal in appearance with respect to fibril diameter. The dramatic reduction in the

loss of PO inta medium and the observation that only small newly synthesised PG

are released in TGF-p 1 treated cultures suggests that a large proportion of the

aggrecan synthesised is incorporated into the newly fonned matrix within the

alginate bead.

The greatcst relative loss of PG into the medium is seen in serunl-free

medium alone7 and this al both days 5 and 10. At day 5 the difference is probably

due to the low synthesis rate of ail matrix molecules in cells cultured in ITS

compared to those in ITS+TGF-p 1. By day 10 nol only the total synthesis is

increased in TGF-l} 1 treated cultures, but the synthesis expressed per cell also. This

elevated rate may in part account for the high relative retention of newly

synthesised PG molecules by increasing the amount of matrix surrounding cells.

Also, it is clear that at the end of the culture period, the cell number of adult NP

ceUs cultured in serum is not different than that of those exposed to TGF-p I.This

indicates that retention of PO within the matrix is likely due to anabolic effects of

the growth factor other than its mitogenicty.

The slower migrating form of aggrecan observed in TGF-~ 1 treated cultures

could not be explained by a difference in GAG chain length. This observation was

independent of age and was however not confirmed in monolayer cultures of tail

NP cells at any age. Aggrecan migration was also retarded in monolayer cultures of

bovine foetal and calf lumbar NP cells (data not shown) and also in eells of human

lumbar discs from ail regions (AF, IZ and NP) cultured in presence of TGF-p 1. No

surviving bovine adult lumbar cells could he recovered for study. Toluidine blue

staining of recovered Pas retained within alginate beads after 10 days of culture

showed that this fonn persisted within the matrix and was not degraded to a

smaller form. Differences in sulphation of GAG chains were not examined. A

difference in charge caused by altered sulphation could explain the reduced

migration of aggrecan from TGF-~ 1 treated cultures on CAPAGE.

GAG chains produced by ceUs treated with lTS or rrs+TGF-J} 1 were of

longer size man any observed in culture with serum. This increase in size was aJso

observed in GAG chains produced by cells of tendon fibrocartilage treated with
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TGF-~ (Vogel K.G et. al., 1992). Furthennore this study showed that there was an

increase in the ratio of small to large PG in growth factor treated cells. Our work

has shown that there is an increased relative (to aggrecan) and total (per cell)

production of small PGs in NP cells treated with TGF-~ 1. Schonherr et. al. showed

the same pattern in GAG chains of versican (a large aggregating CS PO) produced

by smooth muscle cells in which a similar increase in chain length was observed in

both TGF-~ and PDGF treated cultures (Schonherr E et. al., 1991). This elongation

appears to occur irrespectively of the treatment \Vith TGF-~ 1 and that the presence

of insulin is sufficient to produce this elongation, indicating that either growth

factor affects the ligand which initiates this effect. While the performance of CL

68 chromatography was hindered by the low radioactivity due to low JSS

incorporation present in rrs treated cells (even with pooling of four samples), the

profiles which could be obtained suggest that chain length is identical in rrs and

ITS+TGF-~1 treated cultures.

Since aggrecan isolated from eells cultured in ITS did not migrate

differently than that from eells cultured in FCS, but migrated less than that from

TGF-J} 1 treated cells, this could suggest a difference in the number of chains

present on the molecule as previously described to occur in GAG chains of

syndecan (a large heparan and chondroitin sulphate cell surface PG) from TGF-J} 1

treated epithelial cells (Rapraeger A., 1989). This was demonstrated by assessing

the number of Ch t ase ABC generated stubs present on the core protein and found

an estimated threefold increase in the number of sites recognised by an anti-CS

monoclonal antibody. This increase in number of chains was also coupied with an

overail increase in size as observed in our study.

While this study of different aged cells focused on stimulation of synthesis

with TGF-J}, the system cao clearly be used to test other growth factors and

phannaceutical agents. Funher work with this system could involve the study of

collagen synthesis which is also known to he reduced in aged individuals

(Antoniou lA et al., 1996). Funhermoret the degradation of matrix molecules

could also be evaluated biochemically and using molecular biology techniques to

evaluate gene expression of MMPs.

This work funher suppons the potential of growth factor stimulation as a

potential non-invasive therapy for IVD degeneration. The NP is non-vascularised
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and therefore would allow such local therapy without rapid clearance of the agent.

Studies are under way to establish the feasibility of using gene therapy in the IVD

(Nishida K et. al.. (998) which couId lead to therapies not requiring continuous

administration of growth factors.
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6) CONCLUSION:

NP eells from bovine IVOs of different aged animais showed an age related

decrease in PO synthesis in alginate bead culture, a pattern which retlects what has

previously been deseribed in human dises in vivo. This demonstrated the validity of

the culture system which can now be used to study the effeet of growth factors on the

metabolism of dise cells.

The phenotype of dise eells of the AF and NP regions was aJso conlpar~u, by

analysing their collagen profiles and their morphological appearanee in monolayer

culture. The results demonstrate that the phenotype of these respective cells is

difterent. AF cells are fibroblast-Iike producing type 1collagen and flatten out in high

density monolayer culture. On the other hand, NP cells are chondrocyte-like,

synthesising type II collagen and maintaining a rounded shape when grown in eell

monolayers.

TGF-~ 1 supplied to cells in serum-free culture was effective in increasing PG

synthesis in old animais to a level higher than that of young animais cultured with

serum. The growth factor also increased the sYnthesis of small PG relative to aggrecan

in adult NP cells. This demonstrates that even cells from adults are able to regain

synthetic capacity similar to that observed in those of young animaIs, given the

required signal.
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