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. PREFACE

This collection of 27 published journal articles represents work carried out
between 1983 and 1995. The major thrust of these works is an extension of my
PhD studies, and centres on detailed investigations into the nature of
proteoglycans in various periodontal compartments and what factors might
influence their structure and synthesis. To help this thesis read in a logical
fashion the selected papers have been arranged, not in chronological order,
but in a thematic form which covers the four main areas of research in this field
that | have pursued over the past 13 years. These fields, together with the
major sources of the subject matter used for the studies, are described below.

1. Identification of the cellular source of the proteoglycans in
gingival connective tissues.

While my PhD studies had determined the presence of proteoglycans in
human gingival tissues, their precise cellular source had not been determined.
To do this, cell cultures were established from human gingival fibroblasts,
lymphocytes and polymorphonuclear leukocytes. The tissues for these celi
isolation studies were obtained from patients attending the Graduate
Periodontics Clinic in Seattle, and the candidate's private practice in Adelaide.
All of these cultures were established by the candidate. Healthy human
volunteers, who were working in the Department of Pathology at The University -
of Adelaide with the candidate, provided the blood samples for isolation of the
lymophocytes and polymorphonuclear leukocytes.

2. lIsolation, identification and characterization of the
proteoglycans found in the hard connective tissues of the
periodontium.

Not only were proteoglycans identified in the soft connective tissues of
the periodontium, but they were presumed to be present in the two hard tissues
of the periodontium, namely cementum and alveolar bone. Thus, studies were
undertaken to isolate, identify and characterize the proteoglycan content of
these tissues. The human alveolar bone specimens were obtained from the
Oral Surgery Clinic at the University of Adelaide following routine third molar
surgical extractions. The cementum samples were provided by Dr Sampath
Narayanan, University of Washington, Seattle, USA as part of a collaborative
project investigating the biochemical composition of cementum.

3. Determination of the pathological changes which occur to the
proteoglycans in human gingiva.

Once the proteoglycan composition of the "normal" periodontium had
been established, it became necessary to investigate the changes which
occurred during the development of inflammatory human periodontitis. The
approaches used in these studies included studies on whole gingival biopsies
as well as using cell culture. For these studies, inflamed human gingivae were
obtained from the Graduate Periodontics Clinic at the University of Washington,
Seattle, USA, and in subsequent years from the candidate's own specialist
periodontal practice in Adelaide. The gingival fibroblast cultures derived from
inflamed gingival biopsies were established by the candidate during his
postdoctoral fellowship in Seattle.
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4. Studying the effects of selected inflammatory and wound
healing agents on proteoglycan synthesis.

Investigations into the molecular factors which might influence
proteoglycan structure and synthesis were all carried out using cell culture.
The gingival fibroblasts used in these studies included those derived from
donors of a variety of ages, as well as those from normal and inflamed
gingivae. All of the cultures were established by the candidate either in

Seattle, Adelaide or Brisbane. The interleukin-18 was a generous gift from Dr
Stephen Dower from Immunex Corporation, Seattle, Washington, USA: the
lipopolysaccharide preparations from Porphyromonas gingivalis and
Actinobacillus actinomycetemcomitans were a gift from Dr Stephen Miller,
State University at Buffalo, New York, USA; the culture supernatants from
Fusobacterium nucleatum were provided by Dr Tony Rogers, The University of
Adelaide; the platelet derived growth factor used was recombinant human of
the BB isoform and was purchased from Genzyme Corporation, Boston, USA.

A more detailed description of the significance of these findings is provided at
the commencement of each of the four sections. A statement regarding the
candidate's contribution to any jointly authored papers is also detailed at the
commencement of each section.
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IV. OVERVIEW

Paper 1. Bartold, P.M.
Turnover in periodontal connective tissues. Dynamic
homeostasis of cells, collagen and ground substances.
Oral Diseases 1:238-253; 1995
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This paper provides a current overview of the biochemistry of the connective
tissues which comprise the periodontium, and the changes which occur during
inflammation. The complexity and unique features of the gingiva, periodontal
ligament, cementum and bone are discussed with respect to their molecular
composition and homeostasis. The author's studies are discussed in relation to
the current literature, not only in the field of proteoglycan research, but in the
more general terms of extracellular matrix biology. The importance of studies
on the molecular composition of the periodontal connective tissues, and the
factors which regulate their synthesis and degradation, is emphasized with
respect to periodontal diagnosis and regenerative technologies.
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Paper 1

Bartold, P.M.

Turnover in periodontal connective tissues. Dynamic
homeostasis of cells, collagen and ground substances.
Oral Diseases 1: 238-253; 1995
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Turnover in periodontal connective tissues: dynamic

homeostasis of cells, collagen and ground substances

PM Bartold

Department of Dentistry, The University of Queensland, Brisbane, Australia

The connective tissues of the periodontium are com-
posed of two soft tissues and two hard tissues—each of
which has unique features. This review considers the con-
stituents of normal, healthy periodontal connective tis-
sues together with an appraisal of the changes in the con-
nective tissue matrices of the periodontium which occur
during the development of periodontitis. Recent develop-
ments in this field have paved the way for new and excit-
ing vistas in periodontal diagnosis and regeneration
which, ultimately, are two important goals in periodon-
tal therapy.

Keywords: proteoglycans; collagens; connective tissue; per-
iodontal diseases

Introduction

There are many diseases prevalent in our society which are
associated with defects in either the connective tissue
matrices, their resident cells, or both. A classic example of
the relationship between connective tissue matrix and its
cellular components is periodontitis.

The periodontal tissues normally exist in a steady state
equilibrium oscillating between tissue degradation and fis-
sue repair. Consequently, despite constant mechanical and
chemical assault the periodontium manages, for the most
part, to maintain its structural and functional integrity.
Nonetheless, if the delicate balance between host response
and bacterial virulence is disturbed then disease and associ-
ated tissue destruction results. Upon removal of the causa-
tive agent(s), tissue repair may proceed and ultimately
health may be restored to the affected tissues.

Of course, the above is a simplistic approach to the prob-
lem. We now recognize at least four stages in the develop-
ment of periodontitis (Page and Schroeder, 1976). The
initial, early and established lesions refer to the onset and
development of gingivitis. The advanced lesion is represen-
tative of deeper tissue destruction and indicates the onset
of periodontitis. Thus there can be little doubt that the
components of the extracellular matrix of the periodontium
are significantly affected during inflammation. Of interest,
however, is the recognition that gingivitis is very often a
stable lesion which may never progress and develop into
periodontitis. Hence in gingivitis, a balance exists between
destruction and replacement of damaged matrix. If how-
ever, this balance is disrupted, then periodontitis results and

Correspondence: PM Bartold, Department of Dentistry, University of
Queensland, Turbot Street, Brisbane QLD 4000, Australia
Received 18 September 1995; accepted 2 October 1995

the resultant advanced tissue destruction of both hard and
soft connective tissues becomes evident and the resulting
damage is, for the most part, irreversible.

This paper will be concerned with an overview of the
normal constituents of the periodontal connective tissues
together with an assessment of changes apparent with the
development of periodontitis. Together, these findings pave
the way for new and exciting vistas in periodontal diagnosis
and regeneration which, ultimately are two important goals
of periodontal therapy.

The periodontal connective tissues

The periodontium is composed of a number of discrete and
unique connective tissues, each of which confer upon the
tissues their unique properties. Classically, the gingival
connective tissue and periodontal ligament comprise the
two principal soft connective tissues of the periodontium
whereas the cementum and alveolar bone comprise the two
hard connective tissues of the periodontium. Despite being
in very close anatomic apposition, each of these tissues has
a unique architecture, composition and function. Nonthe-
less, there are some features which are characteristic of
these collective tissues. In particular, all connective tissues
are composed of three essential components, namely extra-
cellular matrix, fibrous proteins and a variety of cells.

Extracellular components of connective
tissues

Most connective tissues can be divided into fibrous and
nonfibrous elements (Table 1). The fibrous elements
include proteins such as collagen and elastin while the non-
fibrous components include a variety of glycoproteins
(laminin, fibronectin, proteoglycans, etc) as well as min-
erals, lipids, water and tissue-bound growth factors.

Table 1 Components of the extracellular matrix

Fibrous: Collagens

Elastin

Ground substance: Proteoglycans
Hyaluronan
Non-fibrous proteins
Lipids

Minerals

Water

Growth factors: Fibroblast growth factors
Transforming growth factors

Platelet-derived growth factors




Collagens

The collagens are major constituents of many skeletal and
soft connective tissues. Approximately 30% of the total
protein in the human body is collagen (Nimni, 1980). These
rigid proteins are responsible for the maintenance of the
framework and tone of the tissues. To date at least 14 dif-
ferent collagens have been identified on the basis of their
molecular composition and structure (van der Rest and Gar-
rone, 1991). With such diversity it is apparent that the struc-
ture of collagens is not uniform and that there are several
structural groups within the collagen family. Nonetheless,
a reasonable definition of collagen would still be all
encompassing such that collagen should be recognized as
a structural protein which contains one or more domains
having the conformation of a collagen triple helix.

The collagens may be grouped according to a variety of
structural features as: (i) collagens participating in quarter
staggered fibrils, (i) fibril-associated collagens with inter-
rupted triple helices (FACITS), (iii) collagens forming
sheets, (iv) collagens forming beaded fibrils, (v) collagens
forming anchoring fibrils, and (v) miscellaneous (Table 2).

The distribution  of collagens varies considerably
between different tissues as well as under a variety of nor-
mal and pathological conditions. For example the relative
proportion and types of collagens can change according to
the stage of development, morphogenesis, inflammation,
wound healing, fibrosis and neoplasia (Adams and Watt,
1993). The substitution of one collagen for another and an
anatomic redistribution of types has important ramifications
for normal function and pathophysiology. In teeth, substan-
tial changes in the distribution of collagens (as well as other
extracellular matrix components) are associated with the
cellular differentiation of teeth (Thesleff et al, 1991). In
fetal tissues type III collagen predominates whereas in
mature tissues type I is the predominant collagen. During
inflammatory responses and early wound healing an
increase in type Il and type V collagens is scen (Gay et
al, 1978, Narayanan and Page, 1983b).

Principally, collagens are considered to be structural pro-
teins providing a rigid framework for tissues, however they
do possess other functions. For example, collagenous sur-
faces (types I-1V) are a major substratum for cell adhesion
in vivo, and this, together with collagen-mediated effects
on cell growth and differentiation is likely to reflect a
requirement for cell attachment to collagens (Hay, 1991).
In addition, types I, IT and III are chemotactic for fibroblasts
and monocytes (Postlethwaite and Kang, 1976; Postlethwa-
ite et al, 1978).

Table 2 Collagen classifications

Classification Collagen type

Quarter staggered fibrils 110, 100, V, X1

Fibril associated collagens with interrupted XII, X1V, IX
triple helices (FACITS)

Collagen sheets 1v, VI

Beaded filaments Vi

Anchoring fibrils VII

Miscellaneous X, XIIT

Periodontal connective tissucs
PM Bartold

Elastin

Elastin is a very flexible and distensible protein which pro-
vides tissues the ability to stretch, bend and twist and is
present in most vertebrate tissues to varying degrees
(Mecham and Heuser, 1991). Elastin undergoes a number
of changes in many diseases including atherosclerosis,
emphysema and solar dermatosis and aging.

Elastin is extremely insoluble and this property has made
it very difficult to isolate and characterize. Nonetheless
recent data show that elastin fibers are composed of inner
amorphous elastin components and an outer microfibrillar
component (Cleary and Gibson, 1983). The molecule is sta-
bilized by numerous crosslinks some of which are similar
to those found in collagen and others, including desmosine
and isodesmosine, are unique to elastin. With recent devel-
opments of molecular biology methodology, the structure
and composition of elastin has become clearer. The precur-
sor to elastin, tropoelastin is assembled into elastin fibers
very rapidly extracellularly via efficient crosslinking reac-
tions (Paz et al, 1982). Cell surface receptors (or binding
proteins) for elastin have been identified and may be associ-
ated with cell chemotaxis (Senior et al, 1980).

Proteoglycans

Proteoglycans are large highly anionic glycoproteins
ubiquitous to all connective tissues. They are located within
the matrix as integral components of the matrix structure
as well as on cell surfaces and within cell organelles
(Gallagher, 1989). By virtue of their high charge they have
been ascribed a variety of functions including tissue
hydration, regulation of collagen fiber formation, growth
factor binding, cell adhesion and growth (Ruoslahti, 1989;
Ruoslahti and Yamaguchi, 1991; Scott, 1992; Yanagashita,
1993). By definition, a proteoglycan is composed of a sin-
gle protein core to which one or more glycosaminoglycan
side chains are covalently bound (Hardingham and Fosang,
1992). Historically, the classification of proteoglycans has
been based on their glycosaminoglycan composition such
that proteoglycans were given a nomenclature such as
‘small dermatan sulfate proteoglycans’ or ‘large aggregat-
ing chondroitin sulfate proteoglycans’ (Poole, 1986). How-
ever, in recent years, the classification system for proteo-
glycans has shifted from this simple approach to one more
often based on core protein sequence or tissue location
(Hardingham and Fosang, 1992). TIrrespective of the names
given to the proteoglycans, they can still be classified into
at least three separate groups, based on their location,
namely: (i) matrix organizers and tissue space fillers, (ii)
cell surface proteoglycans or (iii) intracellular protcogly-
cans of the haemopoietic cells (Table 3).

Hyaluronan

This unsulfated, uronate-containing macromolecule is not
found covalently bound to a protein core as are other glyco-
saminoglycans and thus does not exist as a proteoglycan
(Mason ef al, 1982, Laurent and Fraser, 1992). Hyaluronan
also differs from proteoglycans in that it is synthesized in
the plasma membrane by the addition of sugars to the
reducing end of the molecule with the reducing end pro-
jecting into the pericellular environment (Prehm, 1984) to
form a simple structure of repeating disaccharide units of

239
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Table 3  Proteoglycan classification

Extracellular matrix proteoglycans: Aggrecan
Versican
Perlecan
Decorin
Biglycan
Centoglycan
Syndecan-1
Syndecan-2
Syndecan-3
Syndecan-4
CD-44
Betaglycan
Serglycine

Cell surface proteoglycans:

Haemopoietic cell proteoglycans:

glucuronic acid and glucosamine. The distribution of this
molecule is virtually ubiquitous to all tissues and it is syn-
thesized by most cells. The functions of hyaluronan are
many and varied being most importantly associated with
tissue hydration, cell surface matrix interactions, cell
migration, tissue development, aggregation with aggrecan,
CD44 and other matrix components (Toole, 1990; Laurent
and Fraser, 1992).

Noncollagenous proteins

Apart from the collagens, elastin and proteoglycans there
are numerous other protein components of connective tis-
sues (Yamada, 1991). In soft connective tissucs these
include matrix molecules such as fibronectin, laminin,
vitronectin, thrombospondin, tenascin and entactin as well
as the ubiquitous cell surface glycoproteins known as the
integrins. In addition, several noncollagenous proteins have
been identified in bone matrices and include osteocalcin,
osteonectin, osteopontin and bone sialoproteins (Young et
al, 1992). While the noncollagenous proteins are only
beginning to be identified and studied in any detail, their
role in regulation of tissue function and integrity will, no
doubt, be just as critical as the better studied collagens and
proteoglycans. As our understanding of the extracellular
matrix develops it is becoming increasingly difficult to dis-
tinguish between matrix/structural proteins and matrix/cell
surface molecules. The two components become inextri-
cably intertwined to the point where it is difficult to dis-
tinguish between the two. Indeed it is clear that while the
matrix may provide a substratum for cell surface attach-
ment it also can dictate cell mobility, cell synthetic function
and even cell shape (Hay, 1984).

Growth factors

Growth factors are very potent modulators of cell function
and are produced by a wide variety of cells. Although
growth factors are usually considered in isolation it is
becoming apparent that these agents may be bound within
the extracellular matrix acting as a reservoir for subsequent
action and/or use (Ruoslahti and Yamaguchi, 1991). Many
of the proteoglycans function as modulators of growth fac-
tors through their capacity to bind these agents (Table 4).
These interactions may be mediated via the glycosamino-
glycan chains or portions of the core proteins. For example
heparan sulfate chains have high affinity for the fibroblast

growth factors, GMCSF, and I1.-3 (Roberts ef al, 1988). A
strong interaction between platelet factor 4 and chondroitin
sulfate has also been reported with the chondroitin sulfate
chains of serglycine being involved in this interaction
(Ruoslahti and Yamaguchi, 1991). The core proteins of cell
surface proteoglycan betaglycan and the matrix proteogly-
can decorin can bind TGF-B (Andres ef al, 1989; Yamagu-
chi et al, 1990).

Extracellular matrix composition of the
healthy periodontium

Gingiva

The gingival tissues are comprised of an epithelial surface
layer and an underlying stromal connective tissue. The epi-
thelium is classically divided into oral, sulcular and junc-
tional components which vary in their degree of keratiniz-
ation, number of cells and presence of rete pegs. Both
tissues have extracellular matrices but due to their vastly
different structures and functions these matrices differ
quite significantly.

Gingival epithelium

Despite its strategic position as the first line of defense
against bacterial assault on the periodontal tissues, the
extracellular matrix of gingival epithelium has been poorly
studied. Histological assessment of gingival epithelium
indicates that there are spaces between the epithelial cells,
yet the nature of what ‘fills’ (hese spaces is not clear. It is
clear that there is no fibrous protein component to the epi-
thelial extracellular matrix but the nonfibrous components
may include a variety of glycoproteins, lipids, water and
proteoglycans as well as extensions of intercalated cell sur-
face molecules (Bartold, 1987).

For many years the ability of epithelial cells to produce
extracellular products such as proteoglycans was disputed
(Pedlar, 1979) and it was suggested that the presence of any
such material in the spaces between epithelial cells merely
indicated an origin from the underlying mesenchymal tis-
sues (Braun-Faulco, 1958). Early investigators tried to
resolve this issue using histochemical techniques, however
it was not until autoradiographic studies weie developed
that it was clearly demonstrated that gingival epithelial cells
had a capacity to synthesize and secrete sulfated molecules
interpreted to be proteoglycans (Wiebkin and Thonard,
1981).

More recently, using specific immunohistochemical and
histochemical probes hyaluronan, decorin, syndecan and
CD44 have all been identified in human gingival epithelium
(Tammi et al, 1990; Hikkinen et al, 1993). While some
site variation exists between junctional, sulcular and oral
epithelium the precise significance of these findings is
unclear (Kogaya et al, 1989; Takata et al, 1990; Oyarzun-
Droguett, 1992).

Until recently the culture of oral epithelial cells was elus-
ive. Following the development of improved methods of
culturing oral keratinocytes (Oda and Watson, 1990; Willie
et al, 1990), reports have indicated that gingival kera-
tinocytes synthesize principally heparan sulfate proteogly-
cans with small amounts of chondroitin/dermatan sulfate
(Rahemtulla er al, 1989; Potter-Perigo et al, 1994), con-
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Name Growth factor bound*

Decorin TGF-8

Betaglycan TGF-8

Syndecan bFGF;aFGF;GM-CSF
CSFE;IL-3;IFN-vy

Cell surface heparan FGF

Sulfate proteoglycan

Serglycine Platelet factor-4

Binding by

Protein core
Protein core
Heparan sulfate

Heparan sulfate

Chondroitin sulfate

aAbbreviations used: TGE-B = transforming growth factor beta; bFGF = basic fibroblast growth factor; aFGF = acidic fibroblast growth factor; GM-
CSF = granulocyte-macrophage colony stimulating factor; CSF = colony stimulating factor; 1L-3 = interleukin 3; IFN-y = interferon gamma; FGF =

fibroblast growth factor

firming previous biochemical analyses of whole extracts of
human gingival epithelium (Bartold et al, 1981). To date
the identity of specific proteoglycan molecular species
associated with gingival epithelial cell cultures has not
been elucidated.

Gingival connective tissue

The principal extracellular component of human gingival
connective tissues is collagen. To date, six types of collagen
have been identified in the gingival connective tissues with
type I collagen being the predominant species (Narayanan
and Page, 1983a). Type III collagen is also a principal
component of the gingival connective tissues and together
with type I collagen is uniformly distributed throughout the
connective tissue (Rao et al, 1979; Wang et al, 1980;
Chavrier et al, 1984; Narayanan et al, 1985; Romanos et
al, 1991). Type IV collagen is found associated with blood
vessels and basement membranes whereas type V and VI
have a diffuse filamentous distribution (Narayanan et al,
1985; Romanos et al, 1991).

Numerous proteoglycans have been identified in gingival
tissues and have been identified as decorin, biglycan, ver-
sican and syndecan (Bartold et al, 1983a; Pearson and Prin-
gle, 1986; Bratt ef al, 1992; Larjava et al, 1992). Immu-
nohistochemical studies have identified a variety of
proteoglycans within the gingival tissues which are closely
associated with collagen fibers, blood vessels and cell sur-
faces (Shibutani et al, 1989; Bartold, 1992; Hikkinen et
al, 1993).

In order to understand the biosynthesis of gingival con-
nective tissue, fibroblasts which are the predominant cell
type present and presumed to be the cell responsible for
the production of the extracellular matrix have been used
extensively to study collagen and proteoglycan synthesis
(Narayanan and Page, 1976; Bartold and Page, 1987; Lar-
java et al, 1992). These studies have demonstrated that, in
vitro, human gingival fibroblasts produce proteoglycans
and collagens of a similar profile to those extracted from
whole gingival tissue extracts.

Elastin is a minor constituent of gingival connective tis-
sue, accounting for approximately 6% of the total tissue
protein (Chavrier, 1990). There has been little consideration
of this protein in the gingival tissues despite its important
role in conferring distensible properties on tissues (Chavrier
et al, 1988). Interestingly, elastin is present in relatively
small amounts in the fixed, inflexible attached gingiva but

it is more prominent in the submucosal tissues of the more
movable and flexible alveolar mucosa (Bartold, 1991).

Other glycoproteins including fibronectin, tenascin,
osteonectin and laminin have been identified in gingival
connective tissues (Pitaru et al, 1987; Salonen et al, 1990;
Steffensen et al, 1992).

Periodontal ligament

The principal collagen species in Sharpey’s and other col-
lagen fibers of the periodontal ligament is type I (Rao et
al, 1979). Type III collagen appears to coat type I collagen
of Sharpey’s fibers. Together these two collagen types are
codistributed with types V and XII, and fibronectin. Blood
vessels within the periodontal ligament contain type I, III,
IV and V collagens. The periodontal ligament also contains
small amounts of elastin and tenascin, which are present in
connective tissue and in zones along cementum and bone
(Lukinmaa et al, 1991).

The proteoglycans in human periodontal ligament are
composed of similar glycosaminoglycans to gingival tissue
being hyaluronan, heparan sulfate, dermatan sulfate and
chondroitin sulfatc of which dermatan sulfate is the princi-
pal GAG (Pearson and Gibson, 1982; Gibson and Pearson,
1982). The finding that dermatan sulfate is the principal
glycosaminoglycan in periodontal ligament is consistent
with the highly collagenous nature of this tissue. Two prin-
cipal proteoglycans have been identified in periodontal liga-
ment as versican and decorin (Pearson and Pringle, 1986;
Hikkinen et al, 1993). The distribution of proteoglycans
in periodontal ligament is closely associated with collagen
fibers, cell surfaces and blood vessels.

The use of cell cultures for studying in vitro synthesis
of proteoglycans by periodontal ligament fibroblasts has not
been utilized as much as one might expect. Indeed, rela-
tively few groups have studied proteoglycan synthesis by
periodontal ligament fibroblasts. Smalley et al (1984) ident-
ified the glycosaminoglycans synthesized by periodontal
ligament fibroblasts and confirmed these were similar to
those found in vivo. To date there appears to be only one
detailed study on periodontal ligament fibroblast proteogly-
cans (Larjava et al, 1992). These cells, like their gingival
counterparts, synthesize numerous types of proteoglycans
of which decorin and versican have been identified. How-
ever it is likely that other proteoglycans are present and
these will most likely include syndecan, glypican and beta-
glycan. Although biglycan has not been identified in cul-
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tures of normal periodontal ligament it is noteworthy that
exposure of these cells to TGF-B significantly stimulates
the synthesis of this proteoglycan (Kéhiri ef al, 1991).

Cementum
Very little detailed information is available on the extra-
cellular matrix of cementum. Histologically cementum is
similar to bone and dentin. The inorganic matrix accounts
for approximately 50% of the cementum content and is
composed principally ol hydroxyapatite. The major pro-
portion of the organic matrix is composed of types I and
IIT collagens (Birkadel-Hansen er al, 1977). In recent years
interest in the noncollagenous matrix of cementum has
intensified with the realization that many mineralized tis-
sues have, within their organic matrix, many factors cap-
able of inducing new mineralized tissues which are clearly
of importance with respect to tissue regeneration (Reddi,
1992; Ripamonti and Reddi, 1994). Although difficulties
have been encountered in obtaining suitable quantities of
cementum for analysis, numerous studies in a variety of
animals indicate that a variety of nonfibrous proteins are
present in cementum. These include at least three RGD-
associated adhesion proteins, bone sialoprotein, tenascin,
osteonectin and proteoglycans (Somerman et al, 1990;
1991; MacNeil and Somerman, 1993). While the function
of these molecules is still speculative some have been
characterized in detail and appear to play a significant role
in  modulating fibroblast attachment and function
(Somerman et al, 1987, Nakae er al, 1991).
Histochemical and biochemical studies have confirmed
the presence of hyaluronan, dermatan sulfate and chon-
droitin sulfate in cementum with chondroitin sulfate being
the predominant glycosaminoglycan (Bartold er al, 1988).
Immunohistochemical studies have shown the distribution
of proteoglycans to be closely associated with the cemento-
blasts and lightly distributed throughout the matrix (Bartold
et al, 1990). Intact proteoglycans have been extracted from
cementum and identified as predominantly a chondroitin
sulfate proteoglycan—its identity awaits further work but
on the basis of its size and similarity to bone proteoglycans
it is most likely to be decorin. Due to the absence of any
reliable culture techniques for cemcntoblasts no infor-
mation is available for the biosynthesis of proteoglycans
by cementoblasts.

Alveolar bone

Although better studied than cementum, alveolar bone has
been rather neglected with respect to analyses of its extra-
cellular matrix composition. Collagens type I and III com-
prise the bulk of the nonmineralized matrix of alveolar bone
(Rao et al, 1979; Wang et al, 1980). Glycosaminoglycans
have been identified by histochemical and biochemical
means as predominantly chondroitin sulfate with minor pro-
portions of heparan sulfate, dermatan sulfate and hyalu-
ronan present (Waddington et al, 1988; Bartold, 1990).
Immunohistochemical localizations have shown a distri-
bution to the cells and to their lacunae as well as throughout
the mineralized matrix (Bartold, 1990). Analysis of the pro-
teoglycans of bone have been restricted to only a few stud-
ies with a chondroitin sulfate proteoglycan being the major
species identified (Bartold, 199(); Waddington and Embery,

1991). This is most likely a mixture of decorin and bigly-
can.

Matrix changes with development of
inflammation

Gingival epithelium

One of the earliest reported changes to occur in the per-
iodontal tissues during development of plaque-induced per-
iodontal inflammation is widening of the intercellular
spaces between the epithelial cells of the sulcular epi-
thelium (Thilander, 1968). Apart from a few early histoch-
emical studies these changes have been poorly studied.
What is interesting about these changes is that although
widening occurs we have no idea what fills these widened
spaces. Whether it is specific matrix components (perhaps
proteoglycans, or hyaluronan), or merely water is an
important consideration since the composition of these
‘spaces’ will have a significant bearing on how nutrients,
metabolites and toxins may passage the epithelial barrier
to initiate the inflammatory process (Bartold et al, 1983b).
Indeed, the issue of maftrix-controlled diffusion of mol-
ccules is very important in regulating the physiological
properties of tissues. However, this area of physical bio-
chemistry has been given little or no recognition in the per-
iodontal literature. While it is recognized that diffusion
occurs across the sulcular and junctional epithelia both
from the connective tissue to the gingival sulcus and from
the gingival suicus to the connective tissue, the mechanisms
are not understood. It has been proposed that the concen-
trated matrix of healthy epithelia may facilitate diffusion
of molecules and even maintain tissue-destructive enzymes
in a non-active conformation while the less concentrated
matrices associated with widening of the spaces may be
more conducive to ongoing tissue destruction (Bartold et
al, 1983b).

Gingival connective tissue

During the development of gingivitis, the gingival connec-
tive tissues are disrupted within 3-4 days after plaque
accumulation (Page and Shroeder, 1976). The destructive
process begins al perivascular collagen bundles with up to
70% of the collagen within inflammatory foci being lost
during the early stages of inflammatory periodontal disease
(Payne et al, 1975). The observed increase in collagen solu-
bility indicates either active synthesis of new collagen
and/or impaired crosslinking. As the inflammatory process
of gingivitis progresses, the amount of type V collagen
increases, often exceeding that of type IIT collagen
(Narayanan et al, 1983; 1985).

Numerous difficulties have been encountered in estab-
lishing the proteoglycan profile of normal and inflamed gin-
gival tissues due to the large number of component cell
types capable of synthesizing proteoglycans. For example,
not only are fibroblasts present but, due to its high vascu-
larity, gingival tissues also have a significant number of
endothelial cells present. With the presence of a low grade
inflammatory infiltrate, even in clinically healthy samples,
numerous inflammatory cells (neutrophils, lymphocytes,
mast cells etc) are also present in gingival connective tis-
sues.



Early studies on inflamed periodontal tissues used histo-
chemical changes and clearly showed that at foci of
inflammation there was a loss of material which stained
positively for glycosaminoglycans while at the periphery of
the lesion there was a notable increase in staining intensity
(Melcher, 1967). Additionally, histochemical dyes stained
many of the inflammatory cells indicating them to have a
significant component of proteoglycan (Melcher, 1967).
Unfortunately these important observations were largely
ignored as biochemical techniques were developed and
studies became more focussed on the composition of the
tissues rather than the dynamics of the events. Despite
numerous studies, very few changes in the total amounts of
proteoglycans have been noted in inflamed gingival tissues
(Embery et al, 1979; Bartold and Page, 1986a). Nonethe-
less, some minor qualitative changes have been noted in
which dermatan sulfate decreases and chondroitin sulfate
increases. In addition, clear evidence has been reported on
changes to the protein core of the tissue proteoglycans as
well as significant depolymerization of hyaluronan (Bartold
and Page, 1986b). These findings differ from those noted
for the collagens where there appears to be a net loss of
collagenous proteins from the inflamed tissues. Initially, the
findings of little change with respect to proteoglycan con-
tent were perplexing. However, they can be explained in the
light of the earlier histochemical studies alluded to above as
well as more recent data on the ubiquitous cellular distri-
bution of proteoglycans. Firstly, the findings should not
have been surprising since earlier studies showed some loss
of material at the inflammatory focus but increased staining
at its periphery (Melcher, 1967). This observation indicates
that, as part of the tissue response to inflammation, the resi-
dent cells, when trying to wall off the inflammatory lesion,
increase their production of some components of the extra-
cellular matrix. Furthermore, findings of inflammatory cell
staining by histochemical dyes (Melcher, 1967) together
with more recent detailed studies on the production of pro-
teoglycans by numerous inflammatory cells (Bartold et al,
1989a; 1989b) explain why marked changes or depletion
of proteoglycans in inflamed gingival tissue are unlikely to
occur. In addition, since the principal proteoglycan pro-
duced by inflammatory cells is a chondroitin sulfate proteo-
glycan, and there is significant loss of proteoglycan (most
likely dermatan sulfate) with the loss of fibrous tissue, the
switch from a predominantly dermatan sulfate rich proteo-
glycan matrix to one richer in chondroitin sulfate with
developing periodontal inflammation is explained.

Periodontal ligament

To date there have been few studies concerning the patho-
logical changes occurring in the periodontal ligament dur-
ing the development of periodontitis. Topographical studies
in sheep have mapped the composition of the periodontal
extracellular matrices in sheep (Kirkham et al, 1989) and
determined the changes occurring in the periodontium dur-
ing inflammatory mediated degradation (Kirkham et al,
1991; 1992). As noted for gingival tissues, the level of sul-
fated glycosaminoglycans in the periodontal ligament
increases with increasing disease. This increase apppears to
be specifically associated with an increase in chondroitin
sulfate at the expense of dermatan sulfate. The significance
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of such findings is still unclear but is most likely related
to an increase in cellularity of the tissue, release of proteo-
glycans from the alveolar bone, or altered metabolism of
the sulfated glycosaminoglycans in the inflamed tissues.
Evidence of structural changes to periodontal ligament pro-
teoglycans has been noted in tissues undergoing orthodon-
tic forces (Last et al, 1987). Although there appears to be
little change in the types of glycosaminoglycans present in
such tissues, there is a significant decrease in the amount
of high molecular weight proteoglycans in periodontal liga-
ments subjected to a variety of tensional and compressive
stresses.

Cementum

As noted above cementum has been poorly characterized
with respect to its normal biochemical composition in
relation to the other periodontal tissues. Virtually nothing is
known of the biochemical changes occutring in cementum
adjacent to tissues affected by periodontal inflammation.
Apart from the obvious accrual of a variety of bacterial
products either on the cementum surface or possibly within
the cementum matrix (Hughes and Smales, 1986; Hughes
et al, 1988), other changes in cementum associated with
periodontal disease have included increased softness
(Riffle, 1952), increased inorganic components (Selvig and
Zander, 1962), decreased organic composition (Stepnick et
al, 1975), all of which may contribute to the reported struc-
tural changes noted in exposed cementum. The collagens
of periodontally affected cementum appear to be denatured
and have a relatively high affinity for mineral adsorption
(Furseth, 1971). It has been proposed that as periodontitis
develops the cementum is exposed to four different
environments (Armitage and Christie, 1977). In health the
root surface is largely covered by the fibrous and non-
fibrous matrix of the periodontal ligament and supracrestal
gingival tissues. With development of gingival inflam-
mation and loss of fiber attachment into Lhe rool surface,
epithelium migrates along the root surface to cover the
cementum. As a pocket begins to develop the cementum
becomes exposed to the pocket environment and with sub-
sequent recession (either as a result of therapy or continuing
pathological events) the cementum may be exposed to the
supragingival oral environment. There is clearly a need for
further investigations into the chemical changes associated
with exposed root surfaces and how these might be made
more ‘biologically acceptable’.

Alveolar bone

Changes to the matrix of resorbing alveolar bone are poorly
understood. It is likely that the general mechanisms of bone
resorption (Pierce ef al, 1991) would apply to the alveolar
bone affected by periodontitis. These mechanisms, require
both decalcification as well as removal of the organic
components and involve an interplay between ostcoblasts
and osteoclasts (Rodan and Martin, 1981; Wong, 1984).
However, the precise sequence of these events is still the
topic of debate. An important sequela to bone resorption
is the release of organic components into the periodontal
connective tissue matrices which may be detected sub-
sequent to the resorptive process and used as potential mar-
kers of bone resorption (see later in this review).
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Mechanisms of matrix disruption

As outlined above, there is little doubt that the components
of the extracellular matrix of the periodontium are signifi-
cantly affected during inflammation. However, the mechan-
isms of extracellular matrix disruption associated with
microbial colonization and subsequent periodontal destruc-
tion are many and varied (Birkadel-Hansen, 1993a). Matrix
changes noted in periodontitis may result via one of three
principal pathways: (i) release of degradative enzymes by
host or bacterial cells, (ii) release of reactive oxygen spec-
ies, or (iii) alteration in matrix synthesis by fibroblasts,
keratinocytes, endothelial cells and osteoblasts induced by
a variety of cytokines and inflammatory mediators. As has
been noted before, several of these pathways are indeed

inflammation-independent (Birkadel-Hansen, 1993a) and

thus the issue of tissue destruction, rather than inflammation
alone, becomes a critical consideration in understanding the
disease process associated with periodontitis (Figure 1).

Enzymatic degradation

Breakdown of the extracellular matrix in periodontal dis-
eases can be caused by enzymes of either an intracellular
or extracellular source. The extracellular pathways may
involve mammalian interstitial enzymes or those of an
exogenous source such as from bacteria.

Intracellular (phagocytic) degradation of extracellular
matrix components is often overlooked as an important
pathway of tissue remodelling (Melcher and Chan, 1981).
The process of phagocytosis of collagen has been well
described whereby collagen fibers have been noted in lyso-
somes where they undergo proteolytic digestion (Ten Cate,
1972; Listgarten, 1973). In order for phagocytosis to occur
the collagen must first be partially digested extracellularly.
The mechanism by which this occurs is not entirely clear
but may be via cell surface associated or secreted proteases
acting in the immediate pericellular environment (Svoboda
et al, 1979). Once inside the cell the phagocytosed collagen
collects in small vacuoles which appear to coalesce with
lysosomes. Although numerous cathepsins are able (o
degrade the partially denatured collagen (Burleigh et al,
1974; Kirschke et al, 1982) cathepsin L appears to be the
most effective (Kirschke and Barrett, 1985).

Extracellular degradation of the extracellular matrix may
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Figure 1 Schematic representation of the interplay between inflam-
mation, matrix synthesis, matrix lysis and tissue repair

occur via the action of a number of metalloendopeptidases.
Amongst these enzymes, interstitial collagenase (MMP-1),
gelatinase (MMP-2), type IV collagenase (MMP-9), and the
stromelysins (MMP-3, MMP-10, MMP-11) have been sug-
gested to have a significant role in the initial destruction of
periodontal extracellular matrix macromolecules (Birkadel-
Hansen, 1993b). Subsequent to the initial depolymerization
caused by these enzymes more complete degradation of the
proteins involves the action of other less specific host and
bacterial enzymes.

Although these enzymes possess the ability to degrade
matrix components it must be remembered that most of
them are secreted in a latent form and must be ‘activated’
before they can degrade their specific substrates. Proen-
zyme activators and specific inhibitors of metalloprotein-
ases (TIMPs) are important regulators of enzyme activity.
Activation of the enzyme involves a complex series of
events closely linked to conformational changes leading to
cleavage of the proenzyme sequence by exogenous protein-
ases such as trypsin, plasmin, chymotrypsin, neutrophil ela-
stase, or plasma kallikrein (Nagase et al, 1990). The initial
cleavage then permits a second, autolytic cleavage to occur
leading to the mature and active form of the enzyme
(Stricklin et al, 1983). In addition to endogenous control
of latent matrix metalloproteinases, recent evidence indi-
cates that proteases from periodontopathic bacteria may
also activate latent collagenases (Sorsa et al, 1992). TIMPs
form noncovalent complexes with the MMPs to inhibit the
activity of the active enzyme or inhibit precursor activation.
At least two members of the TIMP family have been ident-
ified (TIMP-1 and TIMP-2) with the likelihood of others
being identified (Stettler-Stevenson et al, 1989).

The role of hydrolytic enzymes in matrix degradation is
unclear. Many hydrolytic enzymes have been identified in
inflamed periodontal tissues. The most notable of these
enzymes identified in inflamed periodontal tissues include
B-glucuronidase, aryl sulfatase and hyaluronidase (Goggins
et al, 1968; Podhradsky et al, 1982; Lamster et al, 1985).
The substrates for such enzymes would clearly be the
carbohydrate components of the proteoglycans as well as
hyaluronan. It would seem unlikely that these enzymes are
responsible for the primary degradation of proteoglycans.
More likely, such enzymes are involved in a secondary
capacity, after initial proteolytic cleavage of proteoglycans,
in the subsequent breakdown of glycosaminoglycan chains.
However, in light of current biochemical analysis of
inflamed periodontal tissues there is little evidence to sup-
port such a role for these enzymes in matrix degradation.
No evidence has been found to indicate the products of
their activity since glycosaminoglycans isolated from
inflamed gingiva appear to remain relatively intact despite
an abundance of hydrolytic enzymes (Embery er al, 1979;
Bartold and Page, 1986b).

Bacterial enzymes

Another important source of degradative enzymes is from
the microbial plaque in the gingival sulcus. Indeed, numer-
ous enzymes associated with bacterial dental plaque have
been implicated in the pathogenesis of inflammatory per-
iodontal disease (Slots and Genco, 1984; Mayrand and
Holt, 1988). In particular, the black pigmented Bacteroides



(Porphyromonas) species appear to synthesize numerous
proteases with a potential to disrupt periodontal extracellu-
lar matrix (Mayrand and Holt, 1988; Greiner and Mayrand,
1993). In addition, C. histolyticus and some facultative
Bacillus species from dental plaque also secrete enzymes
which can degrade collagen (Makinen and Makinen, 1987).
Other enzymes with trypsin-like activities have been
described from P. gingivalis, T. denticola (and other
spirochetes) and B. forsythus which may degrade type I
collagen and plasma fibronectin (Mikinen et al, 1986;
1990; Smalley et al 1988a; Soderling et al, 1991).

While there is no question that many oral bacteria secrete
collagenases, their role in the primary destruction of per-
iodontal collagens has been questioned (Overall er al,
1987). Evidence for a host, rather than bacterial, origin of
collagen degradation comes from the observation that 3/4—
1/4-fragments of collagen, indicative of mammalian col-
lagenase digestion, can be identified in inflamed gingival
extracts. Furthermore several investigators have found little
evidence for the presence of bacterial collagenase in gin-
gival crevicular fluid (Overall et alf, 1991; Ingman et al,
1993). Thus, despite observations that periodontopathic
bacteria such as Porphyromonas gingivalis and Treponema
denticola contain and produce proteolytic enzymes (such
as trypsin-like proteases and collagenase), there is little evi-
dence to support their activity as first line initiators of col-
lagen degradation in vivo. Nonetheless, it should be remem-
bered that these enzymes may play an important role in
degradation of collagen peptides subsequent to initial cleav-
age by mammalian collagenases.

Alternative mechanisms of action for bacterial enzymes
may be via: (i) acting as antigens capable of stimulating
cytokines from circulating mononuclear cells which in turn
may activate MMPs, (ii) cleavage of host defence mediators
such as immunoglobulins, plasma proteinases, and cyto-
kines, (iii) cleavage and activation of procollagenase or (iv)
inducing keratinocytes and fibroblasts to release matrix
metalloproteinases (Birkadel-Hansen et al, 1993a; Nilson
et al, 1985; Schenkhein, 1988; Sorsa et al, 1992). Thus,
irrespective of their mode of action, bacterial enzymes are
likely to be significant contributors to matrix disruption
through either direct or indirect pathways.

With respect to proteoglycan destruction in the periodon-
tium, bacterial enzymes may play a significant role. There
is overwhelming evidence confirming that oral bacteria
synthesize hyaluronidase (Nord et al, 1970; Tam et al,
1985), neutral proteinases (Uitto et al, 1986), heparinase
(Okuda et al, 1983), chondrosulfatase (Tam et al, 1982)
and chondroitinase (Tipler and Embery, 1985). All of these
enzymes have the potential to degrade various structural
elements of periodontal proteoglycans as well as influence
the matrix indirectly through activation of interleukins or
modulating fibroblast function. In addition to direct tissue
damage, indirect effects of enzymes on proteoglycans has
been noted whereby the enzyme released by P. gingivalis
has been found to have a significant inhibitory effect on
proteoglycan synthesis by periodontal ligament fibroblasts
(Smalley et al, 1988b).

It is important to remember that in order for any tissue
degradation to occur via enzymatic means, three mechan-
isms must operate. Firstly, the enzyme must be in an active
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form such that it is not complexed with an inhibitor or pre-
sent in a pre-active form. Secondly, it must be in a confor-
mational configuration which will allow it to be active—
the quality and concentration of the matrix may have a sig-
nificant effect on this (Bartold er al, 1983). Finally, the
appropriate substrate must not only be available but must
be in a configuration which will permit degradation. This
final point is worthy of further consideration because,
although enzymes can be shown to be active in vitro against
specific substrates, one must always remember that such
substrates rarely exist in isolation in vive rather they are
more likely complexed with other matrix proteins. Thus,
the in vivo availability of collagen for degradation while
tightly complexed with proteoglycans and other matrix
components raises important issues as to the actual effec-
tiveness of ‘collagenases’ in initiating tissue destruction
without the additional help of other enzymes (stromelysins)
to first ‘unravel’ or ‘expose’ the necessary substrate.

Oxygen-derived free radicals

Oxygen-derived free radicals, such as the superoxide rad-
ical and the hydroxyl radical, are integral reaction products
of normal cellular metabolism but are elevated in cells
undergoing active respiratory bursts (Baboir, 1984). In
particular, tissues may be exposed to ODFR during
inflammatory reactions, particularly where polymorpho-
nuclear leukocytes and macrophages are in abundance.
These phagocytic cells are very reactive in reducing mol-
ecular oxygen to superoxide radicals when exposed to stim-
uli which induce phagocytosis. For example, adhesion of
particles to the cell surface of phagocytic cells results in
an increase in oxygen consumption by the cell. The
reduction of oxygen produces superoxide radicals. These
superoxide radicals may then react with hydrogen peroxide
in the presence of trace metals (iron) to produce hydroxyl
radicals. Oxygen-derived free radicals are highly reaclive,
and if present in abundance in tissues, can cause extensive
damage (Freeman and Crapo, 1982). Free radicals may dis-
rupt cellular proteins, nucleic acids and membrane lipids as
well as effecting depolymerization of matrix components
such as collagen, hyaluronan and proteoglycans (Ward et
al, 1988).

The role of oxygen-derived free radicals in periodontal
tissue destruction has been largely overlooked in favour of
the more commonly cited enzymatic degradation. However,
given their highly reactive nature and likely abundance in
inflamed periodontal tissues, their role in inflammatory
mediated tissue destruction should not be discounted
(Bartold et al, 1984; Sorsa et al, 1989). Studies on the effect
of oxygen-derived free radicals on gingival proteoglycans
and hyaluronan have demonstrated a susceptibility of these
molecules to depolymerization by such reactive molecular
species (Bartold et al, 1984). Molecular size is diminished
significantly leading to a reduction of solution viscosity. If
translated to an in vivo scenario, reduced matrix viscosity
could be expected to have significant ramifications for the
mechanical and biophysical properties of the periodontal
tissues. A further role for oxygen-derived free radicals in
early depolymerization of matrix macromolecules in
inflamed periodontal tissues has been proposed whereby
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neutrophil collagenase can be activated by reactive oxygen
species (Sorsa et al, 1989).

Matrix changes associated with metabolic
activity of fibroblasts

In addition to changes in the matrix brought about by degra-
dation, significant changes may also result via the effects
of microbial and host-derived mediators on the resident
fibroblasts. Fibroblasts from normal and inflamed periodon-
tal tissues have been analysed and indicate that stable
phenotypic differences exist between these two conditions
(Narayanan er al, 1978; Bartold and Page, 1986a; Hikkinen
and Larjava, 1992). With respect to synthesis of matrix
components, a good correlation has been noted with respect
to the types of proteoglycans and collagens synthesized by
gingival fibroblasts in vitro and the types present in either
normal or inflamed tissues. Whether these represent the
emergence of subpopulations within the tissues or perma-
nent phenotypic change as a result of the inflammatory
environment remains to be established (Bordin ez al, 1984).

Irrespective of the above mechanisms of fibroblast
phenotype expression it is clear that the inflammatory
environment differs significantly from that of health. With
the infiltration of plasma proteins, leukocytes and macro-
phages into the tissues a vast array of soluble mediators is
available for interaction with the fibroblasts leading to
changes in their mobility, synthetic activity, growth and life
span (Irwin et al, 1994). Added to these soluble mediators
of endogenous origin should be the numerous soluble pro-
ducts and fragments of the bacteria residing in the gingival
sulcus. Taken together, the potential for significant effects
on matrix synthesis, quality and quantity is very significant
through altered metabolism of the matrix by the resident
fibroblasts. As seen in Table 5 the variability of the effects
of these agents on fibroblast function is high and highlights
the complex interactions involving numerous different
cells, systems and processes which are only beginning to
be fully appreciated. Nonetheless critical to the emergence
of periodontal pathology/destruction is a dynamic interac-
tion of host and parasite mediators together with the nature
ol the extracellular matrix on the resident fibroblasts and
other matrix-forming cells (Figure 2). Indeed, the role of

Table S Effect of soluble mediators on fibroblast function

pre-formed extracellular matrix and various cytokines in
modulating periodontal fibroblast function in a manner
quite different to that noted for monolayer cell culture has
been reported (Irwin er al, 1994). In these studies proliferat-
ive responses and matrix production correlated well with
the catabolic events noted in vivo.

Extracellular matrix components in gingival
crevicular fluid

Given the significant amount of tissue destruction which
occurs during development of periodontitis it is not surpris-
ing that attention has focussed on identifying tissue break-
down products as indicators of tissue damage for diagnostic
purposes (Embery and Waddington, 1994). At present there
is no single reliable diagnostic indicator for active per-
iodontal destruction (Beck, 1995). Given the multifactorial
nature of the disease it is unlikely that only one parameter
will ever be used as a universal diagnostic aid. The events
of periodontitis can be divided into bacterial etiology, meta-
bolic events and anatomical changes each of which need
to be taken into account when diagnosing periodontal con-
ditions. Connective tissue markers of disease activity may
be of use when considering the metabolic events of the
disease process. Such connective tissue components may be
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Figure 2 Interplay between cells which produce extracellular matrix and
soluble mediators

Agent Proliferation Collagen Proteoglycans Iyaluronan
PGE, — = - +
1L-1 + + +/— +
1L-6 7 + + +
ODFR - 7? — 7?
TGF + + + +
TNF + - 77 7?
PDGF + + +/— +
IGF + + nil +
EGF + + +/— +
LPS — - _ _

Abbreviations: PGE, = prostaglandin E,; IL-1 = interleukin-1; IL-6 = interleukin-6; ODFR = oxygen-derived free radicals; TGF = transforming growth
factor; TNF = tumor necrosis factor; PDGF = platelet-derived growth factor; IGF = insulin-like growth factor; EGF = epidermal growth factor; LPS

= lipopolysaccharide

Symbols: ‘- indicates stimulation; ‘" indicates reduction; “nil’ indicates no effect; ‘??” indicates effect unknown; ‘+/—* indicates an equivocal effect



further divided into effectors of inflammation or products
of inflammation. For the purposes of this paper only the
connective tissue elements associated with the extracellular
matrix and its degradation will be considered.

The gingival crevicular fluid contains many components
of breakdown products from the periodontium arising from
gingivitis and periodontitis. As a result, many studies have
focussed on analysing components of this inflammatory
exudate in the hope of finding an indicator of active per-
iodontal breakdown (Lamster and Grbic, 1995). Specifi-
cally, plasma proteins, bacterial and mammalian enzymes,
inflammatory mediators have been amongst the myriad
components studied in detail. Unfortunately, a serious
drawback of all of these ‘potential markers’ is that they
reflect processes occurring in the gingival connective tis-
sues and tell us little about attachment loss or bone loss.
Thus, no distinction can be made between gingivitis and
periodontitis. However, due to the site specificity of some
matrix components (Table 6), the possibility exists to detect
these and correlate them with specific tissue destruction.

Collagen components in gingival crevicular fluid
Since the major fibrous constituents of the periodontal con-
nective tissues are collagens type I and III, and because of
their hydroxyproline content, early studies on periodontal
collagens focussed on quantitating the hydroxyproline lev-
els in gingival tissue extracts and crevicular fluid in an
attempt to monitor periodontal breakdown (Hara and Taka-
hashi, 1975). However, due to the relative nonspecificity
of such assays (ie all collagens have hydroxyproline), no
correlation between the presence of hydroxyproline and its
site or source of breakdown could be made. The hydroxy-
proline content of gingival crevicular fluid and serum has
been monitored in patients before, one month and six
months after periodontal surgery and found to be signifi-
cantly lower in both serum and gingival crevicular fluid
by six months. In a ligature-induced periodontitis model,
collagen-derived hydroxyproline (total GCF minus serum
value) was maximal in samples taken 4 days after ligature
removal (Svanberg, 1987a; 1987b), however no indication
was given regarding the extent of tissue destruction at this
time point. Furthermore, the source of these collagenous
components (ie hard or soft tissues) is unknown. Thus,
further studies on the accuracy of hydroxyproline as a
marker of periodontal breakdown are needed.

Other structural components of gingival collagens have
been monitored in gingival crevicular fluid to evaluate col-

Table 6 Distribution of collagens and proteoglycans in the periodontium
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lagen degradation and turnover. Detection of type I col-
lagen carboxyterminal propeptide and type II collagen ami-
noterminal propeptide has been used to study collagen
synthesis (Talonpoika and Haméldinen, 1992; 1993). Other
studies have described type I collagen carboxyterminal telo-
peptide in gingival crevicular fluid as a measure of collagen
degradation (Talonpoika and Himéldinen, 1994). However,
as for hydroxyproline assays, the detection of such telopep-
tides is still relatively non-specific for the source of such
degradation products, since measurement of type I collagen
C-terminal telopeptide is unable to distinguish the source
which may be soft tissue, periodontal ligament or
alveolar bone.

In recent years interest has focussed on the development
of methods to identify pyridinium crosslinks in collagens
specific for bone (type I). Since these crosslinks result from
post-translational modifications of collagen, and thus they
cannot be reutilized during collagen synthesis, they rep-
resent a true indicator of bone resorption. Preliminary stud-
ies have identified pyridinium crosslinks in crevicular fluid
and these may correlate with sites undergoing active bone
resorption (Meng et al, 1991). If these observations are con-
firmed then the possibility of using the presence of pyridin-
jum crosslinks in crevicular fluid as a marker of active bone
destruction is very attractive.

Proteoglycans and glycosaminoglycans in gingival
crevicular fluid

The measurement of proteoglycans and their glycosamino-
glycan components in crevicular fluid shows some potential
for monitoring active periodontal destruction (Embery ef
al, 1982; Last et al, 1985; Giannobile et al, 1993). The
sulcular fluid appears to be quite rich in metabolic or
degradative products of proteoglycans found in the various
periodontal tissues. Some site specificity for various glycos-
aminoglycans in the periodontium has been noted with the
gingival connective tissue being rich in dermatan sulfate
while the alveolar bone is rich in chondroitin sulfate (see
Table 6).

The application of histochemical dyes to exudate col-
lected onto filter paper strips to indicate the presence of
glycosaminoglycans in this fluid was first reported by
Sueda et al in 1966. Chemical analysis identified uronic
acid in sulcular fluid and thus confirmed the presence of
glycosaminoglycans (Hara and Loe, 1969). More recently,
these studies have been extended to include identification
of the types of glycosaminoglycans present in crevicular

Tissue Collagen

Glycosaminoglycan

Proteoglycan

Healthy gingiva o I0, 1V, V, VI

HA, HS, DS*, CS

Decorin?, Versican, Syndecan,

CD44
Periodontal ligament 20, vV HA, HS, DS?, CS Decorin®, Versican
Cementum 12, I HA, HS, DS, C§* 777 CSPG*
Alveolar bone I, 11 HA, HS, DS, CS§* Decorin, Biglycan

Inflamed gingiva I I, 1V, V, VI

Type I trimer

HA, HS, DS?*, CS

Decorin®, Versican, Syndecan,
CD44

aIndicates the most abundant species present in the specified tissue

Abbreviations: HA = hyaluronan; HS = heparan sulfate; DS = dermatan sulfate; CS = chondroitin sulfate; 77?7 CSPG = unidentified sulfate proteoglycan
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fluid. Hyaluronan is a ubiquitous component of sulcular
fluid irrespective of the site it is sampled (inflamed or non-
inflamed). Chondroitin sulfate is the principal sulfated gly-
cosaminoglycan identifiable in crevicular fluid with minor
proportions of heparan sulfate and dermatan sulfate being
noted (Last ef al, 1985; Shibutani er al, 1993). The presence
of high amounts of chondroitin sulfate in crevicular fluid
sampled from sites of active bone resorption has been inter-
preted to indicate that these components originate from the
matrix of bone (Last et al, 1985; Samuels et al, 1993;
Smedberg e al, 1993). However, the precise origin of this
glycosaminoglycan has not been determined. An alternative
source could be the relatively high cellular composition of
inflamed tissues from which cell surface chondroitin sulfate
may be sequestered. Nonetheless, the observation that high
levels of chondroitin sulfate are noted in samples taken
from non-inflamed sites undergoing orthodontic tooth
movement does imply a close association between the
appearance of chondroitin sulfate in crevicular fluid and
bone resorption (Last et al, 1988; Samuels et al, 1993).
While the usefulness of monitoring glycosaminoglycans in
crevicular fluid awaits the appropriate longitudinal studies
to test for correlation with disease progression, the potential
for these as useful markers of active bone resorption is good
and warrants further detailed investigation.

Other connective tissue markers in gingival crevicular
Sfluid

The identification of other connective tissue proteins in gin-
gival crevicular fluid specifically associated with bone con-
tinues to be of interest for development as markers of bone
resorption associated with advancing periodontitis. In this
light, osteocalcin has been correlated with increasing
pocket depth (Bowers, 1989). However, these studies
require further development and assessment as although
osteocalcin may predominate in bone, it is not unique to
bone alone, and thus difficulties in determining its precise
source remain a problem.

Fibronectin has also been identified in crevicular fluid
(Cho et al, 1984; Talonpoika et al, 1993). However,
whether the appearance of fibronectin in gingival crevicular
fluid reflects tissue remodelling or setum exudation is
unclear.

Extracellular matrix, gene expression and
»
periodontal regeneration

Repair of damaged tissues is a major biological response
of all animals. However, the nature of the repair process
may often lead to compromised function. In this respect the
periodontium is no exception. Although tissue repair and
regeneration of periodontal tissues affected by gingivitis
will lead to full restitution of form and function, once the
destructive phase of periodontitis reaches the deeper per-
iodontal structures, then repair in the form of regeneration
of the destroyed components is less likely to occur on a
predictable basis (Melcher, 1976). Such compromised heal-
ing is not restricted to the periodontium since regeneration
of organs or appendages in response to tissue destruction
or loss is a general feature of mammalian healing. Com-
monly, the repair of injured tissues results in scarring and

replacement with tissue which does not resemble the orig-
inal tissues (Forrest, 1983). In this respect the periodontinm
differs in that parts of it have remarkable regenerative
capacity. For example, the gingival tissues show little
capacity to scar even following the most radical of surgical
procedures (Melcher, 1976).

Despite the good reparative potential of the gingivae, the
deeper periodontal structures (cementum, ligament and
bone) have very poor regenerative capacity. Nonetheless, a
principal aim of periodontics is to determine the mechan-
isms by which these tissues may be encouraged to repair
and regenerate their original form, function and architecture
following destructive episodes. At present significant
advances are being made in this area but many of the pro-
cedures being used still lack clinical predictability. With a
fuller understanding of the cell biology and physiology of
the wound regenerative events these procedures should
become more refined and based on sound biological prin-
ciples.

Regenerating connective tissues are characlerized by cell
migration and proliferation, neovascularization and matrix
synthesis. From this highly ordered sequence of events,
evolve the molecular events which direct the wound healing
process. The synthetic phase of healing is preceded by
infiltration of inflammatory cells resulting from the original
injury. This phase is not only protective for the host but
instrumental in recruiting cells responsible for the repara-
tive processes to the site. The organization of the new
matrix follows several phases progressing from an imma-
ture matrix to a fully formed functional matrix complete
with the fibrous and nonfibrous elements characteristic of
the tissue prior to damage (Ivaska, 1981). With respect to
matrix deposition the usual sequence of events is an initial
deposition of a hyaluronan rich matrix together with plasma
proteins. This provides a suitable matrix for cellular infil-
tration and further matrix development. Proteoglycan syn-
thesis (rich in chondroitin sulfate) then appears closely fol-
lowed by collagen deposition. At the same time that the
collagen is deposited and matrix maturation takes place the
types of proteoglycan begin to change with the levels of
chondroitin sulfate decreasing and the levels of dermatan
sulfate increasing. Little is known of the nature ot the prote-
oglycans which these glycosaminoglycans constitute.

In the case of periodontal wound healing and regencr-
ation, a significant confounding event is the rapid epi-
thelialization of the wound surface. The epithelium rapidly
establishes a surface covering between the root surface and
the exposed connective tissue surface. Attempts have been
made to impede this event by the utilization of barrier mem-
branes and applying the principles of Guided Tissue Regen-
cration (Nyman et al, 1982). While the principles of this
procedure are very sound, the clinical outcomes are still to
some extent quite variable (Minabe, 1991). Although the
histological and clinical events of GTR are well docu-
mented, the cell biology and molecular events associated
with periodontal regeneration are still largely poorly under-
stood. The precise importance of excluding gingival fibro-
blasts from the healing site to enable repopulation by
fibroblasts derived from the periodontal ligament requires
more rigorous testing. It is interesting to note that regener-
ation is possible in the absence of barrier exclusion tech-



niques by using selective tissue-promoting molecules
known as growth factors (Lynch et al, 1989).

The role of growth factors in periodontal regeneration is
becoming increasingly important. These extremely bioac-
tive molecules have been isolated from repairing and
developing tissues and are intimately associated in directing
specific events associated with tissue repair and regener-
ation. For example some growth factors will promote spec-
ific cell migration (chemotaxis) to wounded sites while
others will promote cell division and matrix synthesis. With
the recent cloning and sequencing of many of the growth
factor polypeptides, highly pure recombinant forms are now
available for investigation. Of the growth factors studied to
date, transforming growth factor, platelet-derived growth
factor, platelet-factor-4 and fibroblast growth factor show
great potential in being able to stimulate regenerative pro-
cesses in periodontal tissues previously destroyed by
inflammatory destruction (Lynch, 1994).

Thus the stage is now set. We know that it is technically
possible to direct periodontal regeneration. However, we do
not understand the underlying controlling mechanisms.
Most likely the key will reside in the regulatory role that
the extracellular matrix plays in cell function and gene
expression. It is clear that the extracellular matrix signifi-
cantly influences cell behaviour (Hay, 1984). Such influ-
ences begin during embryogenesis and continue throughout
life whereby changes in matrix, as a result of aging,
inflammation or other means, influence the synthetic,
migratory and phenotypic behaviour of cells. While the
mechanisms are poorly understood a reasonable working
model is shown in Figure 3. In this model, the extracellular
matrix macromolecules and bound tissue growth factors
can bind to cell surface integrins or other cell surface recep-
tor molecules (Bissell er al, 1982; Juliano and Haskill,
1993). Such interactions will, in turn, lead to rearrange-
ments of cytoskeletal components (Hynes, 1981), or signal
transduction pathways (Ullrich and Schlessinger, 1990)
which subsequently lead to an effector system acting on
the cell nucleus to allow specific gene expression (Streuli
and Bissell, 1990). Such gene expression may well include
new matrix synthesis or release of growth factors which in

Matrix Synthesis

Gene Expression

4

Nucleus

A

Cytoskeleton
A
Cell Surface
(integrins, Receptors)
Matrix
(Macromolecules, Bound growth factors) <——

Figure 3 A model for the relationship between the extracellular matrix
and gene expression
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turn will feed back and lead to further regulation of gene
expression and matrix modulation (Stoker et al, 1990).
While simplistic in its outline, this model provides a work-
ing base upon which to further consider the intricate mech-
anisms of periodontal repair and regeneration.

Concluding comments

The periodontal tissues are amongst the most metabolically
active tissues in the entire human body. Given their stra-
tegic location and exposure to a wide variety of chemical
and mechanical stresses it is remarkable how well these
tissues remain intact. However, disease is still common in
the periodontal tissues with all the classic signs and symp-
toms of chronic inflammatory disease. The delicate balance
between tissue damage and tissue repair is well recognized
(Figure 1). However, the mechanisms which govern these
processes are still largely poorly understood. Nonetheless,
by studying both tissue destruction as well as reparative
processes we are assured of developing a deeper under-
standing of the periodontal tissues which will ultimately
lead to improved therapeutic treatments based on a sound
knowledge of tissue destruction and repair.
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This section comprises a collection of papers dealing with the determination of
the cellular source of proteoglycan synthesis within the periodontal tissues.
Until these studies were carried out, few studies had addressed the ability of
fibroblasts derived from periodontal tissues to synthesize and secrete
proteoglycans, and none had carried out any sort of molecular characterization.

Paper 2 provided the first definitive statement on the qualitative and quantitative
features of glycosaminoglycan and hylauronan synthesis by human gingival
fibroblasts. Although hyaluronan was found to be synthesized in very large
amounts, the levels of the sulfated glycosaminoglycans (heparan sulfate,
dermatan sulfate and chondroitin sulfate) were found to be produced, in vitro, in
similar quantities and proportions to those found in vivo. The high level of
hyaluronan synthesis appears to be an artifact of cell culture and highlights the
artificial nature of in vitro systems and the need for extreme caution in
extrapolating from in vitro findings to in vivo conditions.

Paper 3 extended the above findings on the glycosaminoglycan synthesis of
human gingival fibroblasts by considering the intact proteoglycan molecules
synthesized and secreted by these cells. It was pioneering in its use of current
cell culture techniques and recently developed techniques in proteoglycan
biochemistry. This study provided the first serious attempt at isolating and
characterizing all of the proteoglycans synthesized by gingival fibroblasts. [t .
demonstrated that the proteoglycans synthesized in culture were very similar in
composition and structure to those isolated from whole tissue extracts, and that
multiple types of proteoglycans were likely to be synthesized by one cell type.

Papers 4 and 5 are particularly significant in that they are amongst the earliest
papers demonstrating the ability of both lymphocytes and polymorphonuciear
leukocytes to synthesize and secrete proteoglycans in vitro. These findings
were interesting in that, at the time, it was generally considered that
proteoglycan synthesis was the domain of mesenchymal and ectodermal cells.
The issue that cells of the hemopoietic cell system might make significant.
quantities of these molecules had been largely ignored. These studies
provided both qualitative and quantitative data concerning the proteoglycans
made by these cells. The studies concerning the lymphocytes were more
extensive and provided early documentation that proteoglycan synthesis was
associated with mitogenic activation of the cells, yet was independent of cell
proliferation. These studies also helped to explain, in part, why earlier resuits
using extracts of inflamed gingivae had failed to show any remarkable
differences in total amount of proteoglycan extractable from normal and
inflamed tissues. On the basis that the inflamed tissues had a significant
inflammatory cell infiltrate which contributed to the overall proteoglycan content
of the tissues, it is hardly surprising that gross biochemical assessment of
proteoglycan content of normal and inflamed tissues failed to uncover any
identifiable differences.
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Paper 2

Bartold, P.M. and Page, R.C.

Isolation, identification and quantitation of
glycosaminoglycans synthesized by human gingival
fibroblasts in vitro.
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Isolation, identification, and quantitation
of glycosaminoglycans synthesized by
human gingival fibroblasts in vitro

P. MARK BARTOLD AND RoY C. PAGE

Departments of Pathology and Periodontics and the Center for Research in Oral Biology,
University of Washington, Seattle, Washington, U.S.A.

The glycosaminoglycans synthesized by diploid fibroblasts obtained from healthy human
gingivae of three donors were isolated, identified, and quantified, Degradation with specific
enzymes identified the glycosaminoglycans as hyaluronic acid, chondroitin sulfate, dermatan
sulfate, and heparan sulfate; hyaluronic acid predominating. The distribution of the sullated
glycosaminoglycans in the cell layer and the medium was not the same. The cells contained
mainly heparan sulfate (48.3%) and the medium mainly dermatan sulfate (47%).

(Accepted for publication December 28, 1984)

Introduction

Proteoglycans are important extracellular
nonfibrous macromolecules of connective
tissues (Balazs 1973). Structurally, proteo-
glycans are arranged as a single protein core
to which many sulfated glycosaminglycan
side chains are covalently bound (Lindahl &
Roden 1972). The glycosaminoglycans give
the proteoglycans a highly anionic charge,
making them capable of forming complexes
with many components of the extracellular
matrix (Comper & Laurent 1978) and of
interaction at cell surfaces (Rollins, Cath-
cart & Culp 1982).

Three major molecular species of pro-
teoglycans have been identified in soft con-
nective tissues, each deriving its name from
its principal glycosaminoglycan component;
heparan sulfate proteoglycan, dermatan sul-
fate proteoglycan, and chondroitin sulfate
proteoglycan (Kraemer & Smith 1974,
Obrink 1972, Damle et al. 1979). The other
major glycosaminoglycan found in soft con-

nective tissues is hyaluronic acid, which is
unsulfated and is not found in association
with a protein in the form of a proteoglycan
(Varma et al. 1976). Biochemical analyses of
enzyme digests of human gingivae have
identified hyaluronic acid, heparan sulfate,
dermatan sulfate, and chondroitin-d-sulfate
as the resident glycosaminoglycans (Bar-
told, Wiebkin & Thonard 1981, 1982). Vir-
tually nothing, however, is known about the
biosynthesis of these four glycosaminogly-
cans in gingiva, either in vivo or in vitro.

This study was undertaken to determine
the capacity of normal gingival fibroblasts
to synthesize glycosaminoglycans, as well as
to identify and quantitate the molecular
specics of the glycosaminoglycans synthe-
sized. The objective was to establish a base-
line from which the factors modulating gly-
cosaminoglycan synthesis could be further
studied. In particular, this in vitro system
could be used to study the effect of inflam-
matory agents on glycosaminoglycan pro-
duction by gingival fibroblasts.
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Material and Methods

Cell culture and labeling

The fibroblasts used were from 3 strains of
normal human gingival fibroblasts obtained
from donors with clinically and radiogra-
phically healthy periodontal tissues and
were designated HGF,,, HGF,;, and
HGF,4. Such cells have been well-charac-
terized morphologically (Engel et al. 1980)
as well as biochemically for collagen and
protein synthesis (Narayanan & Page 1976).
Only cells between the sixth and tenth trans-
fer were used, and all experiments were done
in triplicate.

Cells were plated into 75 cm? flasks (Fal-
con Plastics, Oxnard, CA) and cultured in
10 ml Dulbecco-Vogt medium supplement-
ed with 10% fetal calf serum (Grand Island
Biological Company, NY) at 37°C in a
humidified atmosphere of 5% CO, and
95% air. On day 6 when the cultures were
confluent (approximately 2.5x 10¢ cells),
the medium in each culture dish was re-
placed with 5 ml Dulbecco-Vogt medium in
which MgSO, had been replaced with
MgCl, and incubated for 1 h under the same
conditions as described above. The sulfate-
depleted medium was then removed and
replaced with 5 ml of sulfate-depleted
medium supplemented with 75 uCi/ml
[3°S]-sulfate and 17.5 uCi/ml [3H]-gluco-
samine (New England Nuclear, Boston,
MA) and incubated for 48 h. To determine
the rate of incorporation of [3°S]-sulfate,
the sulfated glycosaminoglycans were har-
vested from the cells and the medium of
triplicate cultures at 2, 6, 8, 24, 30, and 48 h
after start of radiolabeling. The amount of
radiolabel incorporated into the proteogly-
cans of the media and cell layer of each
culture at the various time points was deter-
mined in triplicate. Aliquots of 100 ul from
the media and cell layer were spotted onto
Whatman 3MM chromatography paper,
dried, immersed in 0.1% cetylpyridinium
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chloride over 5 changes of 1 h duration,
dried, and counted in a liquid scintillation
counter (Castor et al. 1981).

Isolation of glycosaminoglycans

On completion of labeling the cells for 48 h,
the medium was removed and the cell layer
was washed with 5 ml phosphate-buffered
saline. Wash and medium were pooled and
will henceforth be referred to as the “medi-
um fraction.” The cell layer of each culture
was then extracted for 24 h at 4°C with 5 ml
4 M guanidine HCl in 0.05 M sodium
acetate, pH 5.8, containing protease inhibi-
tors (0.1 M 6-aminohexanoic acid, 5 mM
benzamidine HCl, 50 mM EDTA, 0.1 mM
phenylmethylsulfonyl fluoride, 10 mM N-
ethylmaleimide) (Oegema, Hascall &
Dziewiatkowski 1975) and scraped from
the flasks. The flasks were then washed with
5 ml 4 M guanidine HCl in 0.05 M sodium
acetate, pH 5.8. Wash and extract were
pooled and will henceforth be referred to as
the “cell fraciton.”

The medium fraction and the cell fraction
were then dialyzed against several changes
of deionized water, and the retentates were
lyophilized. The lyophilized fractions of the
medium fraction and cell fraction were then
separately digested with 1.0 ml papain (Sig-
ma Chemicals, St. Louis, MO), 1 mg/ml in
0.2 M sodium acetate buffer, pH 5.7, con-
taining 0.004 M EDTA and 0.02 M cysteine
HCI (Sigma Chemicals, St. Louis, MO) for
48 h at 60°C (Bartold et al. 1981). Protein
was precipitated with trichloroacetic acid
and removed by centrifugation. The super-
natant was dialyzed, concentrated by lyo-
philization, and the glycosaminoglycans re-
covered by precipitation with ethanol.

The ethanol precipitate was then reconsti-
tuted to a small volume (200 ul) with 0.2 M
ammonium acetate, and 50 ul of 1 mg/ml
each of standard glycosaminoglycans (hy-
aluronic acid, chondroitin 4-sulfate, and
dermatan sulfate) (Miles Laboratories, El-
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kart, IN) were added as carriers. These
preparations were then chromatographed
on columns (0.7 cm x 35 cm) of Sephadex
G-50 (Pharmacia Inc., Piscataway, NJ) in
the same buffer at 3 ml/h, and fractions of
0.5 ml were collected. Aliquots from each
fraction of 50-150 ul were taken for radio-
activity determination,

Glycosaminoglycan identification and quanti-
tation
Individual glycosaminoglycans were identi-
fied and subsequently quantitated using a
sequential series of species-specific degrada-
tive steps followed by column chromatogra-
phy on Sephadex G-50 in 0.2 M ammonium
acetate as described above (Pintar 1978).
The degradative sequence used was Strepto-
myces hyaluronidase followed by chondroit-
inase AC II followed by chondroitinase
ABC and finally degradation with nitrous
acid. Each of these enzyme and chemical
treatments is specific for the identification
of hyaluronic acid, chondroitin sulfate, der-
matan sulfate, and heparan sulfate and are
listed in Table 1. The enzymes were pur-
chased from Seikagaku Kogyo Co., Tokyo,
through Miles Laboratories (Elkhart, IN).
Digestion with Streptomyces hyaluronid-
ase (20 units/mg hyaluronic acid carrier) to
specifically identify hyaluronic acid was car-
ried out in 0.05 M sodium acetate, pH 5.0,
for 3 h at 60°C (Ohya & Kancko 1970).

Table 1

Substrates of enzyme and chemical treatments

Enzyme/Chemical Substrate

Streptomyces hyaluronidase
Chondroitinase AC I

Hyaluronic acid
Hyaluronic acid
Chondroitin sulfates
4 and 6

Hyaluronic acid
Chondroitin sulfates
4 and 6

Dermatan sulfate
Nitrous Acid Heparan sulfate

Chondroitinase ABC

BARTOLD AND PAGE

Chondroitin sulfate was identified by treat-
ment with chondroitinase AC II (0.05
unit/0.5 mg chondroitin sulfate carrier) in
0.1 M tris-HCl, 0.1 M sodium acetate, pH
7.2, for 3 h at 37°C (Saito, Yamagata &
Suzuki 1968). To identify dermatan sulfate,
the remaining glycosaminoglycans were di-
gested with chondroitinase ABC (0.2
unit/0.5 mg dermatan sulfate carrier) under
the same conditions as described for chon-
droitinase AC II (Saito et al. 1968). Gly-
cosaminoglycans containing N-sulfated
amino sugars (heparan sulfate) were identi-
fied by their susceptibility to degradation by
treatment with nitrous acid (Lagunoff &
Warren 1962).

Chromatography was done after each
degradative step. The percentage of total
glycosaminoglycans either degraded by or
resistant to such treatments could then be
determined by directly computing the
amount of radioactivity in each peak. Thus,
the individual glycosaminoglycan species
could be quantitated for both the cell and
medium fractions.

Analysis for radioactivity

Aliquots (50-150 ul) from the fractions
obtained by column chromatography were
dissolved in 5 ml Aquamix (West Chem, San
Diego, CA). A Beckman liquid scintillation
counter (Model 3255) was used with the
adjustable discriminators set for dual-label
counting of 35S and 3H. In all instances,
standard preparations at 3S and *H of
known radioactivity were counted to allow
calculation of d.p.m. from c.p.m. by the
channels ratio method.

Results

Synthesis of glycosaminoglycans

The amounts of [33S]-sulfate-labeled ma-
cromolecules released into the medium by
the gingival fibroblasts and present in the 4
M guanidine HCI extracts at various times
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Fig. 1. Accumulation of **S-labeled macromolecules in the culture medium and cell layer of the HGF,; cell strain

over a 48-h period. Medium 0—o0; cell layer e—e.

of continuous labeling were similar for all
three cell strains studied. A typical incorpo-
ration profile is shown in Fig. 1. The release
of [33S]-labeled glycosaminoglycans into
the medium was linear for at least 48 h,
whereas the amount of incorporated radio-
activity present in the 4 M guanidine HCI
extracts of the cell layer first increased
steadily over 30 h, then appeared to level
off, staying fairly constant up to 48 h. By 48
h, approximately 70-80% of the [3°S]-
labeled glycosaminoglycans was in the me-
dium fraction and the remaining 20-30%
was found in the cell fraction.

The incorporation of [*H]-glucosamine
over time was not measured because, as is
shown later, hyaluronic acid is produced by
fibroblasts in vitro in extremely large quan-
tities which do not reflect in vivo hyaluronic

acid production. Nonetheless, measure-
ments of total [?H]-glucosamine incorpora-
tion into glycosaminoglycans were made for
all cultures at 48 h. The ratio of [*°S] to
[3H] incorporation for the cell-layer gly-
cosaminoglycans was 1:1.3, whereas the
ratio for the medium glycosaminoglycans
was 1:3.0, indicating approximately 2.5
times more glucosamine-containing glycos-
aminoglycans in the medium than in the cell
layer.

Identification of glycosaminoglycans

Individual glycosaminoglycan species were
identified by specific enzyme and chemical
degradation. The results of such treatments
are shown in Fig. 2. The glycosaminogly-
cans isolated from both the medium and the
cell layer demonstrated susceptibility to deg-
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Table 2
Proportions of glycosaminoglycans synthesized by gingival fibroblasts
Cell Type
HGF,, HGF,,** HGF,; HGF,, Mean + SD*

Cells
HA 31.0+8.0 63.0+6.0 56.0+9.0 50.0+6.0 50.0+13.0
Sulfated GAG

chs 16.04+1.0 27.0+1.0 23.04+3.0 29.0+1.0 23.6+5.9

DS 27.0+1.0 28.0+1.0 26.0+1.0 30.0+3.0 27.8+1.7

HS 56.0+3.0 450+2.0 51.0+4.0 41.0+2.0 48.3+6.6
Medium
HA 72.045.0 90.04+5.0 85.0+7.0 80.0+5.0 81.8+7.6
Sulfated GAG

ChS 28.0+2.0 39.0+2.0 25.0+2.0 34.0+2.0 31.5+6.2

DS 50.0+5.0 42.0+2.0 25.0+4.0 45.0+3.0 47.5+4.9

HS 22.0+1.0 19.0+1.0 22.0+3.0 21.0+2.0 21.0+1.4

The values for HA are expressed as percentage of total GAG, while the values for the sulfated GAG are expressed
as percentage of total sulfated GAG. The +values represent standard deviation of the mean of triplicate cultures

of each cell strain.

* Represents the mean value and its standard deviation for each of the glycosaminoglycans synthesized by all

of the cell strains studied.

** This culture was labeled when noticeably subconfluent.

Abbreviations: HA, hyaluronic acid; ChS, chondroitin sulfate; DS, dermatan sulfate; HS, heparan sulfate; GAG,

glycosaminoglycan.

radation by Streptomyces hyaluronidase,
chondroitinase AC II, and chondroitinase
ABC. In addition, a proportion of the gly-
cosaminoglycans from both preparations
could be degraded by treatment with nitrous
acid. These findings indicated that the con-
stituent glycosaminoglycans isolated from
the medium and cell-layer preparations are
hyaluronic acid, chondroitin sulfate, der-
matan sulfate, and heparan sulfate. Keratan
sulfate was considered not to be a compo-
nent since none of the radiolabeled material
was resistant to all four degradative steps.

Quantitation of glycosaminoglycans

The Sephadex G-50 chromatograms shown
in Fig. 2 are representative of the profiles
obtained for all three cell strains. Differ-
ences in the relative distribution of the
various glycosaminoglycan species between
the cell layer and the medium fractions can

be seen. The total amount of radioactivity
present in each peak allows quantitation of
the proportion of the glycosaminoglycans
either resistant to or degraded by the vari-
ous degradative treatments. Data compiled
from such calculations are shown in Table 2.
Quantitatively, the major differences noted
were that hyaluronic acid was the predomi-
nant glycosaminoglycan in both prepara-
tions. Furthermore, hyaluronic acid ap-
peared to be present in greater proportions
in the medium fractions rather than in the
cell layer fractions. These observations cor-
roborate the earlier finding of increased
amounts of [*H]-glucosamine labeled gly-
cosaminoglycans in the medium after a 48 h
incubation. With respect to the sulfated
glycosaminoglycans, the predominant gly-
cosaminoglycan present was identified as
heparan sulfate (48.25%), whereas the pre-
dominant sulfated glycosaminoglycan in the
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medium preparations was dermatan sulfate
(47.5%).

Discussion

In this study, isolation, identification, and
quantitation of the glycosaminoglycans syn-
thesized by adult human gingival fibroblasts
was achieved. Whilst data for one set of
experiments are presented in the figures,
these experiments have been repeated sever-
al times on the separate cell strains and a
high degree of reproducibility has been
achieved.

The glycosaminoglycans were identified
using a sequential procedure of elimination
of glycosaminoglycans by enzymes and
chemicals of known specificity. Thus, hy-
aluronic acid, chondroitin sulfate, dermatan
sulfate, and heparan sulfate were identified
as the glycosaminoglycans synthesized by
gingival fibroblasts in vitro. Qualitatively,
these are the same molecular species as
those previously identified in digests of
human gingival tissue (Bartold et al. 1981,
1982). Quantitatively, the glycosaminogly-
cans synthesized by gingival fibroblasts in
vitro show one major difference with respect
to the glycosaminoglycans found in digests
of gingival tissue. In culture, gingival fi-
broblasts appeared to synthesize large quan-
tities of the unsulfated glycosaminoglycan
hyaluronic acid comparcd with thc other
sulfated glycosaminoglycans. Nonetheless,
while hyaluronic acid was the principal gly-
cosaminoglycan synthesized in vitro (cell
layer 50%; medium 82%), it is a relatively
minor quantitative component of tissue ex-
tracts, comprising approximately 4% of the
total glycosaminoglycans.

In one of the cultures studied (HGF,,),
up to 90% of the total glycosaminoglycans
in the medium and 63% of the total cell-
associated glycosaminoglycan content were
identified as hyaluronic acid. One explana-
tion for such an elevated level of hyaluronic
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acid synthesis is that this culture was labeled
when the cells were noticeably subconfluent
(approximately 1x10% cells). Therefore,
since hyaluronic acid is known to be as-
sociated with cell proliferation (Tomida,
Koyama & Ono 1974, Hopwood & Dorf-
man 1977), such a finding of elevated hyalu-
ronic acid synthesis in this particular culture
was not surprising. Nonetheless, hyaluronic
acid was routinely noted as the predominant
glycosaminoglycan synthesized by gingival
fibroblasts in all the strains studied and thus
appears to corroborate other reports that
elevated hyaluronic acid synthesis is a char-
acteristic feature of fibroblasts in vitro
(Wight & Ross 1975).

Because of the large proportion of hy-
aluronic acid synthesized, the data for quan-
titation of the sulfated glycosaminoglycans
are presented as percentages of the total
sulfated glycosaminoglycans rather than as
percentages of the total glycosaminogly-
cans. The relative proportions of specific
sulfated glycosaminoglycans in the medium
and the cell layer were noted to differ. The
sulfated glycosaminoglycans isolated from
the medium were characterized by a pre-
dominance of dermatan sulfate, with chon-
droitin sulfate and heparan sulfate present
in smaller quantities. Heparan sulfate was
always present in the smallest proportion.
On the other hand, glycosaminoglycans iso-
lated from thc ccll layer consisted predomi-
nantly of heparan sulfate; dermatan sulfate
and chondroitin sulfate were the minor
components. These data further corrobo-
rate previous studies concerning the in vitro
synthesis of glycosaminoglycans synthesized
by fibroblasts from a variety of sources in
which similar compartmentalization of gly-
cosaminoglycans has been reported (Kresse
et al. 1975, Vogel & Kendall 1980). In
addition, the above findings support earlier
biochemical studies concerning the glyco-
saminoglycan distribution in gingival tissue
(Bartold et al. 1981). In that study, der-
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matan sulfate was found to be the major
connective tissue glycosaminoglycan and
was presumed to be mainly associated with
collagenous matrices, whereas heparan sul-
fate, which is a cell surface-associated gly-
cosaminoglycan, was found in the highly
cellular gingival epithelium. A similar distri-
bution is seen in vitro; the cell layer (pre-
dominantly cells) has an elevated amount of
heparan sulfate, while the medium (extra-
cellular compartment) contains chiefly der-
matan sulfate, Although the above observa-
tions compare two completely different tis-
sues (epithelium and connective tissue) with
a culture system that presumably resembles
connective tissue, the study makes it clear
that compartmentalization of extracellular
matrix components occurs in vitro. Thus,
while extrapolation from in vitro conditions
to in vivo conditions must be made with
caution, it seems likely that, in vivo, compo-
nents of the extracellular matrix associated
with the collagenous network are likely to
be greatly different from the constituents of
the pericellular environment.

In conclusion, this study has demon-
strated that gingival fibroblasts in vitro
express their phenotype for the same gly-
cosaminoglycans as are found in vivo. These
data therefore provide a background for
future investigations concerning gingival
glycosaminoglycans. In particular, the in
vitro system described above should be use-
ful for studying the physiological role of
glycosaminoglycans produced by gingival
fibroblasts as well as investigating the
effects of factors associated with inflamm-
ation, on glycosaminoglycan synthesis.
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The proteoglycans synthesized by fibroblasts derived from healthy human gingivae
were isolated and characterized. The largest medium proteoglycan was excluded from
Sepharose CL-4B but not from Sepharose CL-2B; it was recovered in the most-dense
density gradient fraction and identified as a chondroitin sulfate proteoglycan. The me-
dium contained two smaller proteoglycans; one contained predominantly chondroitin
sulfate proteoglycan, while the other was comprised predominantly of dermatan sulfate
proteoglyean and was quantitatively the major species. The largest proteoglycan in the
cell layer fraction, excluded from both Sepharose CL-2B and Sepharose CL-4B, was
found in the least-dense density gradient fraction and contained heparan sulfate and
chondroitin sulfate proteoglycan. It could be further dissociated by treatment with de-
tergent, suggesting an intimate association with cell membranes. Two other proteoglycan
populations of intermediate size were identified in the cell layer extracts which contained
variable proportions of heparan sulfate, dermatan sulfate, or chondroitin sulfate pro-
teoglycan. Some small molecular weight material indicative of free glycosaminoglycan
chains was also associated with the cell layer fraction. Carbohydrate analysis of the
proteoglycans demonstrated the glycosaminoglycan chains to have approximate average
molecular weights of 25,000. In addition, N- and O-linked oligosaccharides which were
associated with the proteoglycans appeared to be sulfated in varying degrees.

Academic Press, Inc.
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Gingival tissue, like skin, comprises a total; hyaluronic acid, heparan sulfate, and

superficial epithelial layer and an under-
lying connective tissue. Since this tissue
has the general features of many soft con-
nective tissues and manifests a sponta-
neously occurring progressive inflamma-
tory condition, it has served as a useful
model for ‘studying connective tissues in
both health and disease (1).

The glycosaminoglycan composition of
human gingivae is well established (2-6).
Dermatan sulfate is the predominant gly-
cosaminoglycan, accounting for 60% of the

1To whom correspondence and reprint requests
should be addressed at the Department of Pathology,
University of Adelaide, G.P.O. Box 498, Adelaide South
Australia 5000, Australia.

chondroitin sulfate are present as minor
quantitative components (5, 6). With re-
spect to the proteoglycans of this tissue,
three types of proteoglyean which vary in
molecular size as well as in glycosamino-
glycan composition have been identified but
their properties and structure are still un-
clear (3, 7, 8).

There have been many difficulties in ob-
taining samples of suitable size for the ex-
traction and chemical characterization of
soft connective tissue proteoglycans. Fur-
thermore, analyses using whole tissue ex-
tracts provide little information regarding
the cellular source and biosynthesis of
these molecules. Consequently, fibroblasts
from a variety of tissues, especially those

0003-9861/87 $3.00
Copyright © 1987 by Academic Press, Inc.
All rights of reproduction in any form reserved.
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of embryonic origin, have been studied in
vitro for their proteoglycan synthetic ca-
pacity, and proteoglycans similar to those
found in tissue are synthesized in culture
(9-12). The classes of glycosaminoglycans
synthesized by fibroblasts from a variety
of tissue sources are similar; however, they
vary in their size and tailoring. For ex-
ample, proteoglycans synthesized by em-
bryonic lung fibroblasts differ with respect
to glycosaminoglycan composition and size
distribution from those synthesized by
embryonic skin fibroblast cultures (10, 12).
Whether or not such differences reflect tis-
sue specificity remains to be established.

In vitro studies can be useful for deter-
mining the molecular features of proteo-
glycans and providing information re-
garding their biosynthesis. However, be-
cause of the wvariability between the
proteoglycans synthesized by fibroblasts
from different sources, generalizations
based on a single fibroblast type are ques-
tionable. In the present study, we have iso-
lated and characterized the proteoglycans
synthesized by fibroblasts from healthy
human gingivae. The proteoglycans syn-
thesized are unique for this cell type, and
therefore presumably unique to the tissue
of origin. Also they are very similar to
those previously reported to be present in
extracts of whole gingiva.

MATERIALS AND METHODS

Materials. Guanidine-HC], 6-aminohexanoic acid,
benzamidine hydrochloride, N-ethylmaleimide, phe-
nylmethylsulfonylfluoride, cesium chloride, cysteine
HC], 3-[(3-chloamidopropyl)-dimethylaminio]-1-pro-
panesulfonate (CHAPS),? sodium borohydride, and
Type X neuraminidase (Clostridium perfringens) were
all purchased from Sigma Chemical Co. (St. Louis,
MO); sodium dodecyl sulfate (SDS) and Biogel P-10
were from Bio-Rad Laboratories (Richmond, CA);
chondroitinase AC (Arthrobacter aurescens), chon-
droitinase ABC (Proteus vulgaris), Streptomyces hy-
aluronidase (Streptomyces hyalurolyticus), and kera-
tanase (Pseudomonas sp. IF0-13309) were from
Seikagaku Kogyo (Tokyo, Japan) through Miles Lab-
oratories, Inc. (Elkhart, IN); Sephadex, Sepharose, and

2 Abbreviations used: CHAPS, 3-[(8-chloamidopro-
pyl)-dimethylaminio]-1-propanesulfonate; SDS, so-
dium dodecyl sulfate.
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DEAE-Sephacel were from Pharmacia, Inc. (Pisca-
taway, NJ); Naf*S]0, (2 mCi/ml, 424.15 mCi/mmol)
and p-[6-°H]glucosamine HCI (1.0 mCi/ml, 31.3 Ci/
mmol) were from New England Nuclear (Boston, MA);
D-[2-*H]mannose (1.0 mCi/ml, 16.0 Ci/ mmol) was from
Amersham (Arlington Heights, IL); Aquamix was
from WestChem (San Diego, CA); Dulbecco-Vogt me-
dium and fetal calf serum were from Grand Island
Biological Co. (GIBCO, Grand Island, NY); sulfate-
depleted medium was made from amino acids and vi-
tamins purchased from GIBCO; and tissue culture
flasks were from Falcon Plasties (Oxnard, CA).

Cell culture and radioisotope labeling. Fibroblasts
were obtained from explants of human gingivae from
individuals with clinically and radiographically
healthy periodontal tissues (18). Three separate cell
strains were initially studied and highly reproducible
data were obtained for both radiolabel incorporation
and gel filtration profiles. Therefore, representative
data for only one cell strain are reported. Cells were
allowed to grow to conflueney in Dulbecco-Vogt mod-
ified Bagle’s medium supplemented with 10% fetal calf
serum, at which time they were trypsinized and pas-
saged. The passaged cells were plated in 75-cm? flasks
(approximately 1 X 10° cells per flask) in 10 ml medium
and grown in a humidified atmosphere of 5% CO, and
95% air at 37°C. By Days 3-5, the medium was then
removed and replaced with 5 ml of sulfate-depleted
medium containing 75 pCi/ml NaJ®8]0, and either
17.5 uCi/ml D-{6-*H]glucosamine HCl or 50 xCi/ml p-
[2-*HImannose, and incubation continued for 48 h.

Proteoglycan isolation. When labeling was complete,
the media were removed and the cell layers were
washed twice with phosphate-buffered saline. The
media and washes were pooled and will be referred
to as the medium extract. Solid guanidine-HCl (0.38
g/ml) was then added to the medium fraction to make
it approximately 8 M in guanidine-HC} (14). The cell
layers were immediately extracted with 4 M guani-
dine-HCl in 0.05 M sodium acetate containing protease
inhibilors: 0.1 M 8-aminohexanoic acid, 5 mM benza-
midine-HCl, 50 mM EDTA, 0.1 mm phenylmethylsul-
fonyl fluoride, and 10 mM N-ethylmaleimide, pH 5.8.
After extraction for 12 h at 4°C, the cell layers were
scraped, the extract was removed, and the flasks were
washed twice with 5 ml 4 M guanidine-HCI containing
protease inhibitors. The extracts were pooled and
centrifuged at 15,000 rpm for 20 min to remove any
insoluble residue; the resulting supernatant will be
referred to as the cell layer extract. Less than 3% of
the total radioactivity was associated with the residue
remaining after 4 M guanidine-HCI extraction. In the
present study this fraction was not further analyzed.

Labeled macromolecules were separated from free
label by eluting the medium and cell layer extracts
from a Sephadex G-50 column (2.5 X 30 cm) that had
been equilibrated with 4 M guanidine-HCl, in 0.05 M
sodium acetate, pH 5.8, plus protease inhibitors.
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Fractions of 5.0 ml were collected at a flow rate of 15
ml/h and aliquots of each were assessed for radio-
activity using a Packard Tri-Carb 8255 liquid scintil-
lation counter.

Amnalytical column chromatography. Aliquots of the
excluded Sephadex G-50 peak were chromatographed
on columns of Sepharese CL-2B (0.7 X 100 cm), Seph-
arose CL-4B (0.7 X 100 em), and Sepharose CL-6B (0.7
% 100 em) using either dissociative conditions (4 M
guanidine-HCl in 0.05 M sodium acetate, pH 5.8, con-
taining the above-mentioned protease inhibitors) or
detergent conditions (0.2% sodium dodecyl sulfate in
0.15 M sodium acetate, 1 mM magnesium chloride, and
1 mM calcium chloride, pH 5.8). Prior to chromatog-
raphy on the SDS columns, the samples were dialyzed
against acetate buffer, and then made 0.2% in SDS
since SDS is insoluble in guanidine-HCI. Fractions of
0.5 ml were collected at a flow rate of 3 ml/h and
assessed for radioactivity.

Ion-exchange chromatography. Aliquots of the ex-
cluded medium and cell layer extract peaks obtained
after Sephadex G-50 chromatography were dialyzed
against 7 M urea, 0.05 M Tris-HCl, and protease in-
hibitors, pH 7.0, and eluted from a DEAE-Sephadex
column (0.9 X 7 cm) equilibrated in the same buffer.
Prior to analytical ion-exchange chromatography,
Triton X-100 was added to give a concentration of
0.5% . After elution of the unbound material, a con-
tinuous 0.1 to 0.8 M NaCl gradient was applied using
a total of 140 ml. Fractions of 2 ml were collected at
a flow rate of 5 ml/h and aliquots from each fraction
were assayed for radioactivity. Ton-exchange chro-
matography was used as a preparative step as well
as a method to analyze the proteoglycans (see later).
In these cases the cells were incubated in the pres-
ence of [®Slsulfate and either [PH]glucosamine or
[*H]mannose, and the medium and cell layer extracts
were desalted by elution from Sephadex G-50 columns
in 7 M urea. The excluded peaks were then applied
directly onto DEAE-Sephacel and eluted by a contin-
wous 0.1 to 0.8 M NaCl gradient as described above,
except that Triton X-100 was omitted from the eluting
buffer.

Equilibrium density gradient centrifugation. Ali-
quots of the proteoglycans isolated by Sephadex G-
50 chromatography were made to a starting density
of 1.85 g/ml in 4 M guanidine-HCI buffer by the ad-
dition of solid cesium chloride. The samples were cen-
trifuged for 60 h at 85,000 rpm in a Beckman SW 50.1
rotor and then divided into five fractions of approx-
imately equal volume. These were termed D1 through
D5 where D1 was the most dense fraction. The specific
gravity of each fraction was determined using a 100-
ul pipette. Portions of each fraction were assayed for
[®*Slsulfate content by liquid scintillation counting.
The remainder of each fraction was eluted from
Sepharose CL-4B under dissociative conditions.

Proteoglycan analysis. The proteoglycan nature of
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the %S-labeled material in each of the peaks identified
by Sepharose CL-4B chromatography was determined
by chromatography on Sepharose CL-6B colunins (0.7
% 100 em) equilibrated in the SDS/acetate buffer both
before and after digestion with papain (50 ug/ml) in
0.2 M sodium acetate, 0.004 M EDTA, and 0.02 M cys-
teine-HC), pH 5.7, for 24 h at 60°C. Following papain
digestion, the samples were dialyzed against acetate
buffer prior to Sepharose CL-6B chromatography. The
types of glycosaminoglycans and their relative pro-
portions in each of the Sepharose CL-4B peaks were
determined by treatment of the proteoglycans with
either chondroitinase AC, chondroitinase ABC, or ni-
trous acid (15, 16). The enzyme digests were then
chromatographed on Sepharose CL-6B columns 0.7
X 60 cm) using the same SDS/acetate buffer as de-
seribed above. The relative proportions of each gly-
cosaminoglycan species were determined by calculat-
ing the amount of 355 ]abeled material resistant to or
degraded by each enzyme treatment.

Oligosaccharide unalysis. Proteoglycans labeled with
either [*H]glucosamine and [*®S]sulfate, or
[PPH]mannose and [PSlsulfate, or [*S]sulfate alone were
isolated by elution from Sephadex G-50 followed by
DEAE-Sephacel ion-exchange chromatography as
described above. Aliquots from these preparations
were treated with 0.05 M NaOH, 1 M NaBH, at 37°C
for 12 h as previously described (17). The samples were
then neutralized with glacial acetic acid and eluted
from a Biogel P-10 column (0.7 X 60 cm) using 0.5 M
pyridine acetate, pH 5.0, and the fractions were as-
sessed for radioactivity. To determine whether the
oligosaccharides contained sialic acid residues, ali-
quots of proteoglycans labeled with [*®S]sulfate and
[*H]glucosamine were treated with neuraminidase (20
milliunits/ml) in 0.05 M sodium acetate, pH 5.0, at
37°C for 3 h, followed by a 12-h incubation at 37 °Cin
0.05 M NaOH, 1 M NaBH,. The digested samples were
eluted from a Biogel P-10 column under the same con-
ditions as described above. Oligosaccharide fractions
eluted from Biogel P-10 were also analyzed for hex-
osamine and hexosaminitol content (18). Pooled oli-
gosaccharide fractions which eluted from Biogel P-
10 were hydrolyzed with 4 M HCI at 100°C for 10 h
under nitrogen, then thoroughly dried, and analyzed
with a Beckman amino acid analyzer Model 120C using
a 0.2 M sodium citrate borate buffer, pH 5.28, and a
column temperature of 50°C. Fractions of 0.5 ml were
collected and counted for radioactivity. Since the above
analyses were performed on crude proteoglycan prep-
arations, the possibility of the presence of contami-
nating glycoproteins copurifying with the proteogly-
cans could not be excluded. Therefore, to further define
the association of oligosaccharides with proteoglycans,
we took aliquots of specific proteoglycan species iso-
lated after sequential Sephadex G-50, DEAE-Sepha-
cel, and Sepharose CL-4B purification. These isolates
were then treated with alkaline sodium borohydride
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and the reaction products were analyzed using Biogel
P-10 as deseribed above.

RESULTS
Extraction and Isolation of Proteoglycans

Gingival fibroblasts were incubated in
the presence of medium containing serum
and [*S]sulfate for 48 h. Approximately 70-
80% of the *S-labeled macromolecules
were found in the medium; the remaining
20-30% remained associated with the cell
layer and were recovered by guanidine-HCl
extraction. The results reported were
highly reproducible in the three cell strains
examined, and the following are represen-
tative data from these experiments.

Analytical Column Chromatography:
Dissociative Conditions

The molecular size distribution of me-
dium- and cell layer-associated proteogly-
cans was assessed by Sepharose CL-2B and
CL-4B gel filtration. In all cases, the re-
covery of labeled material from these col-
umns was in the range of 75-80% . The %S-
labeled proteoglycans from the medium
eluted from Sepharose CL-4B into three
well-defined peaks (Fig. 1a). The first peak
(MI) eluted in the void volume and com-
prised approximately 5% of the total 35S
radioactivity. The second (MII) and third
(MIII) peaks eluted with K,, values of 0.25
and 0.4 and accounted for 20 and 75% of
the radiolabeled material, respectively. The
cell layer extracts separated into four 358-
labeled peaks upon elution from Sepharose
CL-4B (Fig. 1c). Peak CI, which made up
25% of the total radioactivity, eluted in the
void volume. The next peak (CII) eluted
with a K,, of 0.1 and accounted for another
25% of the radioactivity. A third peak
(CIII), which was often poorly defined,
cluted at K,, 0.45 and comprised 10% of the
radioactivity, with the remaining 40%
eluting with a K, of 0.6 (CIV).

Since some of the 3S-labeled macromol-
ecules from the medium and cell layer were
excluded from Sepharose CL-4B, these
preparations were also eluted from Seph-
arose CL~2B to determine if any of the la-
beled material could be excluded from this
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FiG. 1. Gel filtration profiles of gingival fibroblast
medium and cell layer extracts (4 M guanidine-HCI).
(a, ¢) Sepharose CL-4B; (b, d) Sepharose CL-2B. The
peaks are labeled MI to MIII and CI to CIV for ref-
erence purposes and relate to their elution order. The
void volume (V;) and total volume (V;) were identified
with [PH]DNA and Na*S]0,, respectively.

gel. The medium proteoglycans which
originally separated into three peaks on
Sepharose CL-4B eluted from Sepharose
CL-2B as an asymmetrical peak of K,, 0.6
(Fig. 1b). The cell layer extracted material
eluted as three peaks from Sepharose CL-
2B (Fig. 1d). The first peak, which was ex-
cluded from the column, accounted for ap-
proximately 25% of the total S counts. In
addition, a second peak with a K, of 0.4
and a third peak of K,, 0.7 were also noted;
these accounted for 30 and 45% of the total
radioactivity, respectively.

Analytical Column Chromatography:
Detergent Conditions

Medium and cell layer proteoglycans
were also analyzed by gel filtration on
Sepharose CL-4B eluted with an SDS/ac-
etate buffer (Fig. 2). Recovery of labeled
material under these conditions was
slightly better than when guanidine HCl
was used, and was in the range of 80-85%.
Similar to the profiles observed under dis-
sociative conditions, the medium #S-la-
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Fi1G. 2. Sepharose CL-4B chromatograms of medium
and cell layer extract proteoglycans treated and eluted
with SDS (Sepharose CL-4B/0.2% SDS): medium pro-
teoglycans (a), cell layer proteoglycans (b), and cell
layer proteoglycan peak CI (c). The V; and V, were
determined as described in Fig. 1.

beled proteoglycans eluted into three peaks
(Fig. 2a) corresponding to MI, MII, and
MIII seen in Fig. 1a. Under detergent con-
ditions, the cell layer extract separated into
three peaks with K,, values of 0.1, 0.45, and
0.6 (Fig. 2b). These corresponded to the
peaks CII, CIII, and CIV seen in Fig. 1lc. No
material eluted in a position corresponding
to peak CI under detergent conditions. In
addition, the proportions of the peaks were
different (compare Figs. le¢ and 2b), indi-
cating that in the presence of SDS, the ma-
terial in peak CI may dissociate. Also, fol-
lowing SDS treatment, an increased
amount of ®S-labeled material was seen to
elute between K, 0.2 and K, 0.4. To further
analyze the nature of the cell layer proteo-
glycans eluting in the void volume, peak CI
was obtained by dissociative Sepharose CL-
4B chromatography and was chromato-
graphed with buffer containing detergent.
Under these conditions peak CI was re-
solved into two components of K,, 0.1 and
0.45 (Fig. 2¢). The material eluting in each
of these positions was pooled and kept for
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subsequent glycosaminoglycan analysis
(see below). None of the other cell layer
extract proteoglycans obtained by disso-
ciative column chromatography (CII, CIII,
and CIV) eluted in different positions after
SDS treatment (results not shown).
Similar treatment of the medium and
cell layer proteoglycans with the milder
detergents, CHAPS, or Triton X-100 (0.2%
w/v in 4 M guanidine-HCl/0.05 M sodium
acetate, pH 5.8), failed to completely re-
solve peak CI into its separate components.
However, if used at concentrations greater
than 1%, these detergents were able to
completely dissociate peak CI into its in-
dividual components (results not shown).
Since some contamination of peak CI by
peak CII was likely, and could account for
material eluting at position CII after SDS
treatment of CI, we also isolated the ma-
terial from the cell layer which eluted in
the void volume on Sepharose CL-2B. This
material was treated with SDS and eluted
from Sepharose CL-4B. The results ob-
tained confirmed our previous findings that
this material was comprised of components
which eluted with K, values of 0.1 and 0.45
on Sepharose CL-4B (results not shown).

Ion-Exchange Chromatography

Proteoglycans were separated from
other glycoproteins and hyaluronie acid by
ion-exchange chromatography (Fig. 3). The
profiles of radioactivity eluted from these
columns were similar for both the medium
and cell layer extracts even though the rel-
ative proportions of the various peaks dif-
fered somewhat (Fig. 3). In all cases four
major peaks were noted. Peaks 1 and 2
contained mostly ®H and were considered
to be glycoprotein fractions because of
their elution from the resin at low salt
concentration. Peak 3 also contained only
®H and the relative amounts of the total
%H counts for the medium and cell layer
extracts differed markedly. This peak was
80-90% susceptible to Streptomyces hyal-
uronidase digestion and therefore con-
tained predominantly hyaluronic acid (re-
sults not shown). The remaining 10-20%
was presumed to be a glycoprotein which
coeluted with hyaluronic acid. However,
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F1c. 3. DEAE-Sephacel ion-exchange profiles of [*H]-
and [*®*S]-labeled macromolecules. (a) Medium; (b) cell
layer proteoglycans were eluted with a linear NaCl
gradient from 0.1 to 0.8 M, containing 0.5% Triton X-
100. The major %S peak for each extract was pooled
as indicated by the horizontal bar.

since it did not contain any [®*S]sulfate, and
therefore was not likely a sulfated glycos-
aminoglycan/proteoglycan, it was not fur-
ther analyzed. The major **S-containing
peak, peak 4, was sometimes distorted by
a leading edge which was always greater
for the cell layer than for medium-derived
preparations. Heparan sulfate was the
major component of this leading portion
of peak 4 for both medium and cell layer
proteoglycans. Dermatan sulfate and
chondroitin sulfate were the other com-
ponents identified in peak 4 for both the
mecdium and the cell layer. In none of these
preparations was clear-cut separation of
heparan sulfate, dermatan sulfate, and
chondroitin sulfate achieved.

Density Gradient Ultracentrifugation

Proteoglycans labeled with [**S]sulfate
were further fractionated by density gra-
dient ultracentrifugation (Fig. 4). In the
medium proteoglycan preparation, 80% of
the %S-labeled proteoglycans was found
in the denser three-fifths, with 40% in
the most dense fraction (D1). The cell layer
extract proteoglycans were distributed
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somewhat differently throughout the gra-
dient, with the D1 fraction containing ap-
proximately 30% of the 35S activity and the
remaining 70% of the radioactivity more
evenly distributed through the D2-D5
fractions. The more even distribution of the
cell layer proteoglycans throughout the
density gradient is highlighted by the ob-
servation that the cell layer D5 fraction
comprised slightly more than 10% of the
total 35S label whereas fraction D5 of the
medium represented only 4% of the total
radioactivity. Each of the fractions was
concentrated and then chromatographed
on a Sepharose CL-4B column in 4 M gua-
nidine-HCI (Fig. 5). The D1 fraction of the
medium proteoglycans contained all three
components (MI, MII, and MIII) observed
in the Sepharose CL-4B chromatogram of
Fig. 1a. The D2-D4 fractions contained
proteoglycans which eluted in a position
similar to MIII with a K, of 0.4 and minor
components corresponding to MI and MIL
Fraction D5 accounted for 4% of the total
radioactivity and contained two molecular
species, with K, values of 0.2 and 0.4 which

[¢]

-0 Density (g/mi)

—e 355 (cpm x 107%)

Fraction

FIG. 4. Cesium chloride density gradient centrifu-
gation. Aliquots of (a) medium and (b) cell layer pro-
teoglycans were adjusted to a starting density of 1.35
g/ml with cesium chloride in 4 M guanidine-HCI, pH
5.8, and centrifuged at 35,000 rpm in a SW 50.1 rotor
for 65 h. The fractions obtained were termed D1 to
D5 in order of ascending density.



GINGIVAL FIBROBLAST PROTEOGLYCANS

MEDIA CELL LAYER
a f
8 DI 08 DI
4 04
| b ! g
4 D2 04 02
2 o2}

358 (epm x 1073)

0 05 0 0 05 10
KUV KOV

F1G. 5. Sepharose CL-4B chromatograms (Sepharose
CL-4B/4 M guanidine HCl) of density gradient frac-
tions of gingival fibroblast proteoglycans. Elution
profiles for medium proteoglycans from D1 to D5 are
shown in (a-e), and for the cell layer preparations in
(f-j). The V, and V, were identified as described in
Fig. 1.

appeared to correspond to the peaks MII
and MIII seen in Fig. 1. For the cell layer
extract, fraction D5 eluted as a single peak
in the void volume of the column, while
fractions D1-D4 eluted in three principal
regions corresponding to K,, values of 0.1,
0.4, and 0.6. The proportions of %S in the
peaks differed for each density gradient
fraction, with material in the peak of K,,
0.6 predominating in the D1 and D2 fraec-
tions. This component accounted for less
of the total %8 label in the D3 and D4 frac-
tions, where material eluting at K,, 0.1
predominated.

Chemical Analyses of Proteoglycans

The proteoglycan nature of material
eluted in the peaks following Sepharose
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CL-4B chromatography (MI-MIII and CI-
CIV) was established by papain digestion.
Material in all of the peaks, except peak
CIV, was susceptible to papain (Fig. 6), in-
dicating that peaks MI-MIII and CI-CIII
contained **S-labeled proteoglycans. The
resultant glycosaminoglycan chains eluted
from Sepharose CL-6B with a K, of 0.45.
Based on previously reported data for cal-
ibrated Sepharose CL-6B columns (19),
these glycosaminoglycans had an average
molecular weight of 25,000.

Carbohydrate analysis of the various size
classes of proteoglycans indicated them to
have different glycosaminoglycan compo-
sitions (Table I). The larger proteoglycans
of the medium (MI and MII) were com-
prised predominantly of chondroitin sul-
fate chains, while the smallest medium
proteoglycan (MIII) contained mainly der-
matan sulfate chains. The cell layer pro-
teoglycans appeared to have a more het-
erogeneous glycosaminoglycan composi-
tion. The largest proteoglycans (CI and II)
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F1G. 6. Sepharose CL-6B chromatograms of papain-
digested medium and cell layer proteoglycans (papain:
Sepharose CL-6B/0.2% SDS). ¥S-labeled proteogly-
cans from medium (a-c) and cell layer (d-f) extracts
obtained by Sepharose CL-4B chromatography (see
Fig. 1) were eluted on Sepharose CL-6B both before
(@) and after (O) digestion with papain. The V; and
V., were identified as described in Fig. 1.
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TABLE I

GLYCOSAMINOGLYCAN COMPOSITION OF PROTEOGLYCAN COMPONENTS

Heparan Dermatan Chondroitin

Peak % Fraction sulfate sulfate sulfate
Medium

MI 5 15 0 85

MII 20 33 0 67

MIII 75 20 70 10
Cell layer

CI 20 65 10 25

CII 30 61 0 39

CIIL 15 36 54 10

CIvV 35 70 30 0

Note. Glycosaminoglycan content was determined by sequential digestion with chondroitinase AC, chon-
droitinase ABC, and nitrous acid. Results are expressed as percentages of the total *S-activity remaining in
each peak after digestion. Fractions refer to the peaks obtained from chromatography on Sepharose CL-4B,

as shown in Fig. 1.

contained mainly heparan sulfate; how-
ever, some chondroitin sulfate was also
identified in these populations. The small-
est proteoglycan (CIII) contained predom-
inantly dermatan sulfate with some hepa-
ran sulfate. From these data it is unclear
whether heparan sulfate is located on the
same protein core as chondroitin sulfate
and dermatan sulfate, or is present as a
geparate heparan sulfate proteoglycan
species. Cell layer peak CIV, which con-
tained only glycosaminoglycan chains, was
comprised of both dermatan sulfate (30%)
and heparan sulfate (70%).

Since peak CI could be dissociated into
two smaller proteoglycan components upon
treatment with SDS (Fig. 2¢), the glycos-
aminoglycan composition of these two
proteoglycans was assessed to determine
whether they were similar to the proteo-
glycans originally isolated from peaks CII
and CIIIL. The first peak to elute under SDS
conditions contained 90% heparan sulfate
and 10% chondroitin sulfate, and thus
closely resembled the composition of the
proteoglycans isolated from peak CII.
However, the second peak to elute after
SDS treatment of proteoglycans in peak CI
contained 80% heparan sulfate and 20%
chondroitin sulfate. Thus the proteogly-
cans in this peak differed from the pre-

dominantly dermatan sulfate proteogly-
cans isolated from peak CIII.

Oligosaccharide Analyses

The oligosaccharide components of pro-
teoglycans labeled with [*®*S]sulfate and
[*H]glucosamine were identified by elution
from Biogel P-10 (Fig. 7). Four peaks were
seen for both the medium and cell layer
extract proteoglycans following Biogel P-
10 chromatography. Peak 1 (K,, 0) corre-
sponded to glycosaminoglycan chaing, and
peaks 2 and 8 (K, 0.45 and 0.65) were ini-
tially identified as oligosaccharides based
on their elution position relative to pre-
vious reports of oligosaccharides associated
with proteoglycans (14, 18). Peak 4 eluted
at the V; and presumably contained free
%3 and °H released by the chemical treat-
ment. The proportions of the total 3H ac-
tivity aceounted for 4 and 2%, respectively,
for peaks 2 and 3 in the medium prepara-
tions and 3 and 4%, respectively, for the
cell layer preparations. To further ascer-
tain whether the oligosaccharides were
sulfated, fibroblasts were incubated in the
presence of [®*S]sulfate alone and the pro-
teoglycans were isolated as described
above. Following alkaline borohydride re-
duction and elution from Biogel P-10, four
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F1a. 7. Biogel P-10 chromatograms of alkaline bo-
rohydride-treated gingival fibroblast proteoglycans.
Proteoglycans from (a) medium and (b) cell layer were
treated with alkaline borohydride and chromato-
graphed on Biogel P-10. Proteoglycans from medium
(c) and cell layer (d) were also treated with neur-
aminidase prior to alkaline borohydride reduction and
elution from Biogel P-10. The peaks are numbered to
indicate their elution order. The V, and V, were de-
termined as described in Fig. 1.

peaks were identified corresponding to K,,
values of 0, 0.45, 0.65, and 1.0 as was seen
for the dual-label experiments (data not
shown). The sulfate content of the oligo-
saccharides accounted for 2-3% of the total
%8 activity.

In order to further characterize these
oligosaccharide units, proteoglycans were
digested with neuraminidase followed by
sodium borohydride reduction. The reac-
tion products were then eluted from Biogel
P-10 (Fig. 7). Four peaks were seen follow-
ing such treatment. Peak 1 contained both
%S and ®H activity and presumably con-
tained glycosaminoglycans. Peaks 2 and 3
were retarded by the gel, and eluted with
higher K,, values than they did prior to
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enzyme treatment. The ¥*S:*H ratios within
peaks 2 and 3 increased from 0.5 to 1.0 and
from 0.56 to 0.69, respectively, and are in-
dicative of loss of ®H label most likely as-
sociated with sialic acid residues. In ad-
dition, the *S:*H ratio within peak 4 de-
creased from 0.6 to 0.34, demonstrating an
increase in ®H activity eluting in the total
volume and most likely came from sialic
acid residues released by neuraminidase.
The samples were also treated with kera-
tanase to determine whether these oligo-
saccharides were keratan sulfate; no shift
in K,, values on Biogel P-10 was noted
(results not shown). Additionally, the
cells were labeled in the presence of
[*Hlmannose and [**S]sulfate, and the la-
beled proteoglycans were eluted from Bio-
gel P-10 (Figs. 8a, b). Three peaks dem-
onstrating ®H activity and four peaks of
%S activity were identified. About 20% of
the H activity eluted in the void volume,
while the bulk of the *H activity eluted as
a single included peak of K,, 0.45 for both
the medium and the cell layer preparations.
No ®H activity was detected in peak 8 which
contained only ®*S activity. Thus only one
of the oligosaccharides contained mannose
residues. The ®H-labeled material which
eluted in the void volume of a Biogel P-10
column was presumed to be chondroitin
sulfate or dermatan sulfate residues, since
chondroitinase ABC treatment of the la-
beled proteoglycans resulted in a shift of
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F1G. 8. Biogel P-10 chromatograms of [°’H]mannose-
and [*Ssulfate-labeled oligosaccharides. The medium
(a) and cell layer (b) extracts were treated with al-
kaline sodium borohydride and then chromatographed
on Biogel P-10. The V; and V, were determined as
described in Fig. 1.
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20% of the 3H activity to the total volume
of a Sephadex G-50 column; nitrous acid
treatment had no effect (results not
shown).

The type of linkage between the carbo-
hydrate chains and core protein was de-
termined by sugar analysis for hexosamine
and hexosaminitol in material associated
with peaks 1, 2, and 3 seen in Figs. 7a and
7b. Peak 1 from the medium preparation,
which had a predominance (86% ) of galac-
tosamine as well as a large amount of %S
activity, could be digested substantially
(80% ) by chondroitinase ABC (results not
shown). The material in cell layer peak 1
contained a large proportion of glucos-
amine and also had high levels of S ac-
tivity, but could only be partially digested
with chondroitinase ABC (results not
shown). These observations are consistent
with the presence of glycosaminoglycan
chains and correlate well with our obser-
vation of a predominance of dermatan sul-
fate in the medium and of heparan sulfate
in the cell layer (Table I). The material
eluting in peak 2 from Biogel P-10 was
classified as N-linked oligosaccharide be-
cause no galactosaminitol was detected
(Table II), indicating the absence of O-gly-
cosidic bonds, since NaOH/NaBH, will
cleave such linkages if present. In addition,
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[*H]mannose as a metabolic precursor (Fig.
8), a feature common to many N-linked oli-
gosaccharides. Peak 3 was considered to
contain O-linked oligosaccharides. This
was based upon the presence of galacto-
saminitol residues (indicative of cleavage
of O-glycosidic linkages to the core protein
following NaOH/NaBH, treatment), as
well as the absence of radiolabeling of these
components using [*H}mannose as a met-
abolic precursor. The relative recoveries of
%H-labeled sugars in the oligosaccharide
peaks were low and indicate that some 3H
activity may be in components other than
the sugars analyzed. Since neuraminidase
digestion of the oligosaccharides confirmed
the presence of sialic acid residues, poor
recovery of *H activity may be partially
accounted for by degradation of sialic acid
residues during the hydrolysis of the oli-
gosaccharides prior to sugar analysis.
Thus, the above detailed analyses of the
oligosaccharides associated with medium
and cell layer proteoglycans indicated the
presence of both N- and O-linked species
which appear to be sulfated to varying de-
grees. Nonetheless, since these analyses
had been performed on proteoglycans iso-
lated by DEAE-Sephacel ion-exchange
chromatography alone, we could not dis-
count the presence of contaminating

this material could be radiolabeled using glycoproteins. Therefore, we isolated
TABLE II
HEXOSAMINE AND HEXOSAMINITOL ANALYSIS OF BIOGEL P-10 FRACTIONS

Peak Galactosaminitol® Glucosamine® Galactosamine® Recovery®
Medium

1 ND°¢ 14 86 90

2 ND 82 18 70

3 60 25 15 50
Cell layer

1 ND 40 60 8y

2 ND 71 29 55

3 51 22 27 34

® Values are expressed as percentages of the °H activity eluted from the column.
b Recoveries were measured relative to the recoveries of standard preparations of [““Clgalactosamine,
[“Clgalactosaminitol, and [*H]glucosamine applied to the column as internal standards.

¢ND, not detected.

Note. Proteoglycans were treated with alkaline borohydride and eluted from Biogel P-10. The fractions in
the resultant peaks were pooled, hydrolyzed, and analyzed for their hexosamine and hexosaminitol content.
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[*®S]sulfate-labeled proteoglycans from
peaks MII, MIII, CI, CII, and CIII after se-
quential Sephadex G-50, DEAE-Sephacel,
and Sepharose CL-4B chromatography.
These individual proteoglycan populations
were then treated with NaOH/NaBH, and
eluted from Biogel P-10. In all cases, two
oligosaccharide peaks of K,, 0.45 and 0.65
were identified (Fig. 9), thus indicating that
these oligosaccharides are intimately as-
sociated with the proteoglycans. The ap-
parent increase in free sulfate release by
such treatment is unclear, but it may relate
to different degrees of sulfation of newly
synthesized proteoglycans, dependent upon
either the cellular source or cell transfer
number.

DISCUSSION

Proteoglycans constitute the major
proportion of [**S]sulfate-labeled macro-
molecules synthesized by human gingival
fibroblasts in vitro. Molecular sieve chro-
matography on both Sepharose CL-2B and
CL-4B was used to initially separate the
proteoglycans. Sepharose CL-4B gave the
best resolution. The relative distribution
of the various proteoglycans released into
the culture medium was different from that
reported for other fibroblasts grown under
identical conditions. In our system, the
bulk (75%) of the medium proteoglycans
was represented by the small molecular
size MIII peak which contained predomi-
nantly dermatan sulfate proteoglycan.
These results differ from those obtained for
skin fibroblasts, in which the quantita-
tively major component is a large chon-
droitin sulfate proteoglycan which excludes
from Sepharose CL-4B (10). In addition, the
profiles obtained from the gingival fibro-
blast proteoglycans differed from those of
embryonic lung fibroblasts in that the
chondroitin sulfate proteoglycan species
comprised only 25% of the total medium
proteoglycans, compared to 38% for the
lung fibroblasts (12).

The cell layer extract proteoglycans con-
tained a large proportion of heparan sul-
fate proteoglycans. This confirms our ear-
lier observation that heparan sulfate is the
quantitatively major glycosaminoglycan
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FIG. 9. Biogel P-10 chromatogram of *S-labeled oli-
gosaccharides. Medium (a) and cell layer (b) proteo-
glycans isolated following Sephadex G-50, DEAE-Se-
phacel, and Sepharose CL-4B chromatography were
subjected to alkaline sodium borohydride prior to
chromatography on Biogel P-10. The abbreviations
MII, MIII, CI, CII, CIII refer to the peaks identified
in Figs. 1a and 1c. The V; and V; were determined as
described in Fig. 1.

associated with the cell layer extract of
gingival fibroblasts (20). Indeed, the asso-
ciation of heparan sulfate proteoglycans
with cell membranes seems to be a general
feature of most cultured cells (21). A sig-
nificant proportion (20%) of the cell layer
extract proteoglycans was excluded from
both Sepharose CL-4B and Sepharose CL-
2B (peak CI), while only 5% of the medium
proteoglycans was excluded from Sepha-
rose CL-4B and none from CL-2B. Follow-
ing solubilization in SDS and subsequent
chromatography in the presence of this
detergent, peak CI could be separated into
two components, indicating a likely asso-
ciation with lipid components of the cell
membrane. The association seemed to be
very strong since treatments with the
milder detergents, CHAPS or Triton X-100
(results not shown), were unable to com-
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pletely dissociate this peak at concentra-
tions less than 1%.Thus, complete solubi-
lization of the cell membrane appears to
be necessary to adequately release the as-
sociated constituent proteoglycan mono-
mers. This observation is very similar to
that reported for cell layer-associated pro-
teoglycans of mouse mammary epithelial
cells (22). The fact that this material not
only contained heparan sulfate proteogly-
cans, as reported for other fibroblasts (10,
12), but also chondroitin sulfate proteogly-
cans is of particular interest since it lends
support to the concept that both of these
proteoglycans may be associated with cell
membranes and may indeed be integral
plasma membrane components (23, 24).
Whether these cell-associated proteogly-
cans are present as separate chondroitin
sulfate and heparan sulfate proteoglycans,
or hybrid species containing both glycos-
aminoglycan chains attached to the same
protein core, remains to be established.

Additional analyses of the glycosamino-
glycan composition of the SDS-dissociated
components of peak CI revealed that the
largest proteoglyeans (K, 0.1 in Fig. 2c¢)
were similar to those isolated from peak
CII (Fig. 1e). However, the smaller proteo-
glycans released by SDS treatment of peak
CI (K, 0.45 in Fig. 2¢) differed in glycos-
aminoglycan composition from peak CIII
(Fig. 1c) and may represent a different
proteoglycan population. Thus, the differ-
ences between these two peaks could ex-
plain, in part, the poor resolution of pro-
teoglycans eluting in the region between
K,, 0.2 and K,, 0.4 when total cell layer
proteoglycans were chromatographed in
the presence of SDS (Fig. 2b).

The cell layer also contained a population
of [®S]sulfate-labeled molecules which
eluted from Sepharose CL-4B with a K,, of
0.6. This material was resistant to papain
digestion and was therefore considered to
represent free glycosaminoglycan chains,
presumably of intracellular origin. The
glycosaminoglycans identified in this peak
were heparan sulfate (70% )and dermatan
sulfate (30%). This distribution is very
similar to that of other fibroblast intra-
cellular glycosaminoglycan pools (12).

Density gradient ultracentrifugation al-
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lowed further fractionation of the proteo-
glycans. Adequate separation of the gin-
gival fibroblast proteoglycans was achieved
at a much lower starting density of 1.35 g/
ml than the 1.45 and 1.5 g/ml customarily
used for soft tissue proteoglycan density
gradient centrifugation (10, 12, 25, 26).
The medium proteoglycans distributed
throughout the gradient in a fashion sim-
ilar to that observed for proteoglycans ex-
tracted from gingival tissue (8). Sepharose
CL-4B chromatography of the gradient
fractions revealed selective distribution of
the proteoglycans of various molecular
sizes on the basis of buoyant density. In
particular, proteoglycans corresponding to
those in the Sepharose CL-4B peak MIII
predominated in the less dense fractions,
thus suggesting that they have fewer car-
bohydrate chains per core protein than for
the less buoyant, more dense MI and MII
fractions.

Sepharose CL-4B elution profiles dem-
onstrated that the bulk of the proteogly-
cans has a very small hydrodynamic size.
Indeed, based on both their buoyant den-
sity and gel filtration profile it seems likely
that most of the medium proteoglycans
have a relatively short protein core (con-
sistent with small hydrodynamic size),
with only a few attached glycosaminogly-
can chains (consistent with low buoyant
density) compared to other proteoglycans
which have a long protein core with many
glycosaminoglycan chains. The cell layer
extract proteoglycans (D1-D4) appeared to
be distributed in a more even fashion
throughout the density gradients than
were the medium proteoglycans. The pres-
ence of most of the CI proteoglycan (13%
of the total) in the least dense D5 fraction
is interesting and further implies that peak
CI contains lipid-associated proteoglycans.

Attempts to separate the proteoglycans
on the basis of their charge by ion-ex-
change DEAE-Sephacel chromatography
were unsuccessful. No separation of hepa-
ran sulfate proteoglycan from dermatan
sulfate proteoglycan, as has been described
in other systems (18, 27), was possible un-
der the conditions used. In some cases with
the cell layer extracts, a leading shoulder
was seen before the major S peak. Gly-
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cosaminoglycan analysis of the shoulder
region revealed heparan sulfate to be a
major component, with smaller amounts
of chondroitin sulfate and dermatan sul-
fate also identified. Heparan sulfate pro-
duced by gingival fibroblasts may therefore
be more highly charged than the heparan
sulfate made by some other cell types, and
thus it may coelute with the more nega-
tively charged chondroitin sulfate and
dermatan sulfate species.

Analysis of the oligosaccharides released
from proteoglycans revealed the presence
of small sugars which were both N- and O-
linked to the protein core. This is similar
to other reports concerning proteoglycan
oligosaccharides (14, 18, 28, 29). However,
the oligosaccharides associated with gin-
gival proteoglycans appeared to differ in
one major respect from those isolated from
most other proteoglycans in that they were
sulfated to varying degrees. This is not a
unique finding since sulfated oligosaccha-
rides appear to be associated with a chon-
droitin sulfate isolated from brain (30).
More recently, Gowda et al. have presented
further evidence that oligosaccharides as-
sociated with proteoglycans may contain
ester sulfate (31). Mannose and sialic acid
residues were also associated with these
oligosaccharides. The possibility that these
oligosaccharides were keratan sulfate
chains was ruled out by their resistance to
keratanase. The extremely intimate asso-
ciation (presumably covalent) of these oli-
gosaccharides with the proteoglycans has
been highlighted by the observation that
SDS dissociation of the proteoglycans in
peak CI failed to release any small labeled
molecular weight components which would
have been indicative of contaminating gly-
coprotein (Fig. 2¢). Furthermore, NaOH/
NaBH, treatment of individually isolated
proteoglycan populations revealed the
presence of oligosaccharides in each of the
preparations which eluted in identical po-
sitions on Biogel P-10. The significance of
these components is not clear at this stage
and must await further detailed analysis.

In conclusion, the proteoglycans synthe-
sized by gingival fibroblasts in culture are
very similar with respect to glycosamino-
glycan composition, density gradient sed-
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imentation, and molecular size to those
present in extracts of whole gingiva (8).
This study has demonstrated the capacity
of human gingival fibroblasts in vitro to
synthesize proteoglycans which appear to
be characteristic for this cell type and its
tissue of origin. Furthermore, it seems
likely that fibroblasts derived from struc-
turally similar but functionally different
tissues (i.e., skin and gingiva) may have dif-
ferent proteoglycan synthetic capabilities,
at least with respect to the relative types
and proportions made.
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Summary Polymorphonuclear leucocytes (PMN) were assessed in vitro for their ability to synthesize
and secrete proteoglycans. The PMN were isolated from human peripheral blood and were found to
contain < 5% mononuclear cells. Following 24 h incubation in the presence of (33S)-sulfate,
significant quantities of 35S-labelled macromolecules were detected both within the culture medium
and cells. Although the PMN preparations contained some platelets (approximately five platelets : one
PMN), culture of platelets alone did not result in the detection of any 35S-labelled macromolecules in
either the medium or platelets. 35S/3H-labelled macromolecules from the PMN cultures were
identified as proteoglycans on the basis of their degradation by papain, alkaline sodium borohydride,
chondroitinase ACII, chondroitinase ABC and nitrous acid. The labelled proteoglycans isolated from
the medium and cells eluted from Sepharose CL-4B with a K,, of 0-63; this indicated a small size
compared with many other proteoglycans. The glycosaminoglycans associated with the proteoglycans
were identified as heparan sulfate, chondroitin sulfate and dermatan sulfate, with chondroitin sulfate
being the principal component. The average molecular weight of the glycosaminoglycans was
determined to be 16 000. Therefore, the data from this study demonstrate the ability of human PMN to
synthesize and secrete proteoglycans in vitro which appear to differ from those synthesized by

mesenchymal cells with respect to molecular size and glycosaminoglycan composition.

INTRODUCTION

Proteoglycans are large polyanionic molecules
composed of a central protein core to which one
or more glycosaminoglycan chains are co-
valently bound (1). They are widely distributed
throughout mammalian tissues and are con-
sidered to be ubiquitous components of most, if
not all, cells. For these reasons, proteoglycans
are considered to play important roles in many
cellular activities and interactions as well as
being involved in the maintenance of normal
tissue physiology.

Although mesenchymal cells are generally
considered to produce most of the proteoglycans
in tissues, it is becoming increasingly apparent
that, especially in inflammation, other cells also
synthesize and secrete proteoglycans. The pres-
ence of glycosaminoglycans in polymorpho-
nuclear leucocytes (PMN) has been known since
1955 (2). Subsequent studies demonstrated

Present address: P. M. Bartold, Department of
Pathology, University of Adelaide, GPO Box 498,
Adelaide, SA 5001, Australia.

Abbreviations used in this paper: PBS, phosphate-
buffered saline; PMN, polymorphonuclear leuco-
cytes.

some of the glycosaminoglycans to be sulfated
and located within the cytoplasmic granules (3).
Additional biochemical analyses have identified
the PMN glycosaminoglycans as hyaluronic
acid, heparan sulfate, dermatan sulfate and
chondroitin sulfate (4-7). The synthesis of
glycosaminoglycans by PMN has also been
studied and the types of glycosaminoglycans
produced have been suggested to vary depend-
ing upon the state of activation, maturation and
adhesion of the PMN (8-10).

Despite such studies, few have addressed
whether the glycosaminoglycans exist bound to a
protein core in the form of proteoglycans or exist
solely as glycosaminoglycan chains (9-11). This
is an important consideration since, to date,
hyaluronic acid is the only glycosaminoglycan
believed to exist in tissues in a free form.
Furthermore, most of the physiological proper-
ties of proteoglycans are derived from features
of both the protein core and glycosaminoglycans
and thus consideration of the glycosaminogly-
cans alone may oversimplify the possible reac-
tivity of these molecules. Therefore, the aim of
the present study was to isolate, identify and
characterize the proteoglycans synthesized by
human PMN cultured in vitro.
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MATERIALS AND METHODS

Materials

Guanidine HCI, L-glutamine, phenylmethylsulfonyl
fluoride, 6-aminohexanoic acid, benzamidine HCI, 2-
mercaptoethanol, N-ethylmaleimide were all pur-
chased from the Sigma Chemical Company, St. Louis,
MO:; Na; (338)O4 (1042 mCi/mmol) and L-(3,4,(n)-
3H) valine (1:26 TBq/mmol) were from Amersham
Australia, Sydney, NSW; Ready Solv scintillation
fluid was from Beckman Australia, Adelaide, SA:
Chondroitinase ACII (Arthrobacter aurescens) and
Chondroitinase ABC (Proteus vulgaris) were from
Seikagaku Kogyo Co Ltd, Tokyo, Japan; all tissue cul-
ture plastic ware was from Nunc, Roskilde, Denmark;
Dulbecco’s  modification of Eagle’s Medium
(DMEM), penicillin, streptomycin, non-essential
amino acids and fetal calf serum were from Flow Lab-
oratories, Irvine, Ayrshire, Scotland; Ficoll-Paque,
Scpharose CL-4B, Sepharose CL-6B, Sephadex G-50
and DEAE-Sephacel were from Pharmacia Fine
Chemicals, North Ryde, NSW.

Isolation of polymorphonuclear leucocytes

PMN were isolated from peripheral blood of healthy
human donors by the method of Ferrante and Thong
(12) as modified by Bignold and Ferrante (13). Briefly,
blood samples were drawn into heparin (25 iu/ml) and
5 ml tayered onto 3 ml Hypaque-Ficoll (8% w/v Ficoll
400, 5-6% (w/v) sodium diatrizoate and 11-3% (w/v)
meglumine diatrizoate at pH 7-0; specific gravity of
1-114). This preparation was centrifuged at 500 g for
30 min in swing-out buckets at room temperature after
which the PMN fraction between the mononuclear cell
fractions and the erythrocytes was obtained. PMN
were washed twice in Hank's balanced salt solution
before culture. Cells were >95% viable as indicated by
trypan blue exclusion and included <5% mono-
nuclear cells. Viability remained constant throughout
the incubation period. The ratio of platelets : PMN
was determined to be less than 5: 1.

Isolation of blood platelets

To heparinized blood buffered with Hepes (10
mmol/l), meglumine diatrizoate (22 mg/ml) was added
to raise its specific gravity to approximately 1-03. This
blood was then centrifuged for 15 min at 220 g after
which the upper-half of the resultant platelet-rich
plasma supernatant was removed and diluted 1: |
with 3-8% disodium hydrogen citrate solution. This
dilute plasma was then centrifuged for 30 min at 800 g
and the sediment then resuspended in culture medium
(see below) to give a final concentration of 3 X 105
platelets/pl. Lymphocyte numbers in such prepara-
tions were less than 1/pl.

Cell culture and labelling

The PMN were adjusted to a concentration of
2 X107 cells/ml in DMEM supplemented with 10%
heat inactivated fetal calf serum, 100 U/ml penicillin,
100 pp/ml streptomycin, 2 mmol/l glutamine, 10
mmol/l sodium pyruvate and non-essential amino

acids (1% v/v). The cells were maintained in 25 cm?
flasks in a total volume of 3 ml (6 X 107 cells) and cul-
tured for up to 24 h. Incorporation of (33S)-sulfate into
proteoglycans was achieved by culturing the cells in
the presence of 20 uCi/ml Nay(33S)Oy4. In some exper-
iments, the cells were cultured in the presence of 100
pCi/ml Na(358)O4 and 10 uCi/ml (3H)-valine.

Analysis of 35S/ H-labelled macromolecules

After incubating the cells in the presence of radio-
labelled metabolic precursors for 24 h, the medium
was removed from the flasks. The flasks were then
rinsed out with 2 ml phosphate-buffered saline (PBS)
and this was pooled with the medium. The medium
and wash were centrifuged at 10 000 r/min for S min
and the supernatant separated from the cell pellet. The
supernatant fraction was adjusted to approximately
3 mol/l in guanidine HCI by adding solid guanidine
HCl (0-38 g/ml), and then eluted from a Sephadex
G-50 column (2-5 cm X 30 ¢cm) in 4 mol/l guanidine
HCIl/0-05 mol/l sodium acetate containing the
following as protease inhibitors: 0-1 mol/l 6-amino-
hexanoic acid, 5 mmol/l benzamidine HCI, 50 mmol/I
EDTA, 0-1 mmol/! phenylmethylsulfonyl fluoride and
10 mol/l N-ethylmaleimide, pH 5-8 (14). Fractions of
1-5 ml were collected and 100 pl aliquots were taken
for determination of radioactivity in a Beckman LS-
2800 liquid scintillation counter. The material eluting
in the void volume was well separated from unincor-
porated radioisotope and was pooled, dialysed against
deionized water and lyophilized in preparation for
further analyses. The cell pellets were extracted with 4
mol/l guanidine HCI/0-05 mol/l sodium acetate con-
taining protease inhibitors for 24 h at 4°C and centri-
fuged at 15000 r/min for 20 min to remove any
insoluble residue. Less than 5% of the total radioactiv-
ity remained with the residue and this was not char-
acterized any further in the present study. The radio-
labelled macromolecules associated with the cell
extract were obtained in a similar manner to the
medium fraction. Recoveries of radioactivity from
these columns ranged between 75 and 85%.

Analytical column chromatography

The molecular size distribution of 35S-labelled
proteoglycans was analysed by gel filtration from
Sepharose CL-4B columns (0-7 cm X 100 cm) with 4
mol/l guanidine HC1/0-05 mol/l sodium acetate con-
taining protease inhibitors, pH 5-8. Lyophilized
material obtained from the void volume of Sephadex
G-50 chromatography was made to 0-5 ml and 200 pl
aliquots were applied to the Sepharose columns. Frac-
tions of 0-5S ml were collected at a flow rate of 3 ml/h
and the radioactivity of all of the fractions was
measured. Recovery of radiolabelled material from
these columns ranged between 80 and 85%.

The size of the glycosaminoglycan chains was
assessed following digestion of the material which was
excluded from Sephadex G-50 with papain (50 pg/ml)
in 0-2 mol/l sodium acetate, 0-004 mol/l EDTA, and
0-02 mol/l cysteine HCI, pH 5-7, for 24 h at 60°C.
Following digestion, the samples were boiled and
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applied onto a column of Sepharose CL-6B
(0-7 cm X 50 cm) and eluted with 4 mol/l guanidine
HC1/0-05 mol/l sodium acetate, pH 5-8. The whole
fractions were analysed for radioactivity. Glycos-
aminoglycan chain size was also assessed following
treatment of the labelled macromolecules with 0-05
mol/l NaOH, 1 mol/l NaBH4 at 45°C for 24 h. The re-
leased glycosaminoglycans were assessed in a similar
manner to the papain digest.

Ion-exchange chromatography

A portion of the material which was excluded from
Sephadex G-50 was dialysed exhaustively against
water, lyophilized and resolubilized in 7 mol/l urea
containing 0-1 mol/l NaCl and 0-05 mol/I Tris HCl,
pH 7-0. This sample was then applied onto a column
(0-8 cm X 7-0 cm) of DEAE-Sephacel which had been
equilibrated in the same buffer. Following elution of
all unbound radiolabelled material a 0-1-0-8 mol/l
NaCl gradient was applied to the column. Fractions of
0-3 ml were collected and radioactivity was deter-
mined by liquid scintillation counting. Recoveries of
radioactivity from these columns were between 75 and
85%.

Glycosaminoglycan analysis

The types of glycosaminoglycans and their relative
proportions in proteoglycans which eluted in the void
volume from Sephadex G-50 for both the medium and
cell pellet were determined after pre-treatment with
either chondroitinase ACII, chondroitinase ABC, or
nitrous acid (15,16). The enzyme digests were then
chromatographed on Sephadex G-50 (1-5 X30cm)
eluted with 0-2% sodium dodecyl sulfate in 0-15 mol/I
sodium acetate, 1 mol/l magnesium chloride, 1 mol/l
calcium chloride, pH 5-8. Fractions of 0-5 ml were col-
lected at a flow rate of 3 ml/h and all of the fractions
were assayed for radioactivity. The relative proportion
of each glycosaminoglycan species was determined by
calculation of the amount of radiolabelled material
resistant to (void volume) or degraded by (included
volume) each treatment.

RESULTS

Extraction and isolation of proteoglycans

Human neutrophils were obtained from human
peripheral blood and incubated in Dulbecco’s
modification of Eagle’s medium containing 10%
fetal calf serum and (35S)-sulfate for 24 h. Initial
isolation of 35S-labelled macromolecules indi-
cated 67% (s.d.=6) were recovered from the
medium and the remaining 33% (s.d.=6) were
associated with the cells and recovered by
extraction with guanidine HCl. When purified
platelets were cultured in a similar fashion, no
35S-labelled macromolecules were detectable in
either the medium or cell layer fractions.

Analytical column chromatography

The molecular size distribution of 33S-labelled
medium- and cell-associated proteoglycans was
initially assessed by Sepharose CL-4B gel fil-
tration. The 35S-labelled proteoglycans isolated
from the medium and cells eluted within the
included volume of the column as single poly-
disperse peaks with K,, values of 0-63
(s.d.=0-08) and 0-65 (s.d.=0-03) respectively
(Fig. 1). In addition, samples which had been
labelled with both 3H and 35S were also eluted
from Sepharose CL-6B (Fig. 2). Molecules
which had been labelled with (3H)-valine eluted
from Sepharose CL-6B in three peaks for the
medium and four peaks for cell layer-associated
material. In both the medium and cell layer
material the 35S-labelled material co-eluted with
material eluting in a 3H-labelled peak at a K3y of
0-25.
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Fig. 1. Gel chromatography of proteoglycans iso-
lated from (a) medium and (b) cells of PMN cultures.
Samples were chromatographed on Sepharose CL-4B
with 4 mol/l guanidine HCI containing protease in-
hibitors. The void volume (Vy) and total volume (V)
were determined by the elution of Blue Dextran and
[35S]-sulfate, respectively.
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Fig. 2. Molecular sieve chromatography of 35S/3H-
labelled macromolecules on Sepharose CL-6B: 35S
(—4—), 3H (—{J—). Cells were incubated in the pres-
ence of Naj[35S]04 and [3H]-valine and the labelled
macromolecules from the medium and cell layer were
isolated by Sephadex G-50 chromatography. The
material which eluted in the void volume of Sephadex
G-50 was then chromatographed on Sepharose CL-6B.
The Vo and V, were determined as described in
Fig. 1.

Ion-exchange chromatography

Proteoglycans were separated from other glyco-
proteins by ion-exchange chromatography (Fig.
3). The profiles of radioactivity eluted from
these columns were similar for both the medium
and cell layer extracts. In both cases, two major
peaks were noted. The first peak eluted was con-
sidered to be a glycoprotein fraction because of
its elution from the resin at a low salt concen-
tration and being principally comprised of 3H-
labelled material. Although some 35S-labelled
molecules eluted in this peak, they were a minor
component and accounted for 6% and 5%
respectively of the medium and cell layer-
associated labelled molecules. The second peak
eluted from the columns at 0-6 mol/l NaCl and,
although it contained both 35S- and 3H-labelled
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Fig. 3. lon-exchange chromatography of 35S/3H-

labelled macromolecules: 35S (—e—), 3H (—{1—).
Cells were incubated in the presence of Nay[355]0,
and [*H]-valine and the labelled macromolecules from
the medium and cell layer were isolated by chroma-
tography from Sephadex G-50.

molecules, it was characterized by a predomi-
nance of 35S.

Chemical analyses of proteoglycans

The proteoglycan nature of the 3H/35S-labelled
macromolecules isolated in the void volume of
Sephadex G-50 was established by papain diges-
tion as well as alkaline sodium borohydride
reduction followed by chromatography on
Sepharose CL-6B. Material from both the
medium and cells was susceptible to papain as
evidenced by an increase in K,y values following
papain digestion (Fig. 4). The 35S-labelled glyco-
saminoglycan chains released by papain eluted
from Sepharose CL-6B with K,, values of 0-4.
Most of the 3H-label eluted close to the V, indi-
cating digestion of proteins by the papain.
However, some 3H-labelled material co-eluted
with the 33S-labelled molecules and indicated
the possibility of small peptides remaining as-
sociated with the glycosaminoglycans released
by papain digestion. Therefore the proteogly-
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Fig. 4. Molecular sieve chromatography on Sepha-
rose CL-6B of 35S/3H-labelled macromolecules after
digestion with papain: 35S (—e—), 3H (—[1—).
Labelled macromolecules were isolated from the
medium and cell layer by Sephadex G-50 chroma-
tography. The material which eluted in the void
volume of Sephadex G-50 was digested with papain
prior to elution from Sepharose CL-6B. The Vg and V,
were determined as described in Fig, 1,

cans were also treated with alkaline sodium
borohydride to allow complete removal of pep-
tides from the glycosaminoglycans (Fig. 5). This
treatment resulted in the elution of 35S-labelled
molecules from Sepharose CL-6B at K,y of 0-5.
Based on previously reported data for calibrated
Sepharose CL-6B columns (17) these glycos-
aminoglycans may be assumed to have an aver-
age molecular weight of approximately 16 000.

Analysis of the glycosaminoglycan compo-
sition of proteoglycans can be achieved by selec-
tive digestion with chondroitinase ACII, chon-
droitinase ABC and nitrous acid and permits the
identification of chondroitin sulfate, dermatan
sulfate and heparan sulfate respectively. As can
be seen in Fig. 6, such treatments allowed the
identification of these glycosaminoglycans as
the constituent components of the medium and

2000 A

Media v v

1000 o

DPM

DPM

o] 10 20 30 40
Fraction Number

Fig. 5. Molecular sieve chromatography on Sepha-
rose CL-6B of 35S/3H-labelled macromolecules after
treatment with alkaline sodium borohydride: 35S
(—e—), 3H (—{}—). Labelled macromolecules from
the medium and cell layer were isolated by chroma-
tography from Sephadex G-50. The material which
eluted in the void volume of Sephadex G-50 was
treated with 1 mol/l NaBH4 in 0-05 mol/l NaOH prior
to elution from Sepharose CL-6B. The Vgand V, were
determined as described in Fig, 1.

cell proteoglycans. In addition the quantitative
analyses are shown in Table 1. Chondroitin sul-
fate was the principal component in both the
medium and cell proteoglycans accounting for
76% and 86% respectively.

Table 1. Glycosaminoglycan quantitation.

Media Cell

21-3+39 21-0+3-2
76-3+9-7 85-7+3-0
15-7+8-3 2:3x2-3

Medium and cell proteoglycans were subjected to
nitrous acid, chondroitinase ACII and chondroitinase
ABC degradation to determine the relative con-
tribution of heparan sulfate, chondroitin sulfate and
dermatan sulfate. The data (percentages of the total)
are represented as the mean and s.d. o%the mean from
triplicate experiments.

Heparan sulfate
Chondroitin sulfate
Dermatan sulfate
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Fig. 6. Selective digestion of PMN medium proteoglycans. Medium (a-d) and cell (e-h) proteoglycans were
incubated in the presence or absence of chondroitinase ACII, chondroitinase ABC or nitrous acid prior to elution
from Sephadex G-50. The Vg and V, were determined as described in Fig. 1.
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DISCUSSION

In previous histochemical, electronmicroscopic
and biochemical studies, glycosaminoglycans
have been demonstrated both within the cyto-
plasmic granules and within the cell membrane
of PMN (4-7). In addition, recent in vitro bio-
chemical studies have demonstrated that PMN,
from a variety of sources, can secrete glyco-
saminoglycans into culture media (5,9,10).
From these observations it has been proposed
that glycosaminoglycans may play a role in
PMN function. With the possible exception of
hyaluronic acid, however, glycosaminoglycans
rarely appear in vivo in a free state but rather
exist complexed to a protein core in the form of
proteoglycans. Therefore, we have extended the
previous studies to consider the proteoglycan
nature of the sulfated macromolecules syn-
thesized by human PMN.

After incubating PMN in vitro for 24 h, sul-
fated macromolecules were isolated from the
medium and cells. These were most likely pro-
teoglycans on the basis of (i) their susceptibility
to protease digestion resulting in the release of
macromolecular sulfated polysaccharides in-
dicative of glycosaminoglycans; (ii) release of
sulfated polysaccharides from the intact macro-
molecules by alkaline sodium borohydride
which were smaller than those released by
papain digestion; (iii) co-elution of 33S-labelled
molecules with 3H-labelled molecules from
molecular sieve columns; and (iv) co-elution of
35S- and 3H-labelled molecules at high salt con-
centration from an anion-exchange column.

Since platelets were the only contaminating
component in our preparations, and these were
demonstrated not to synthesize proteoglycans in
culture, the present data indicate the source of
35S-labelled proteoglycans to be the PMN. The
complete digestion of these polysaccharides by
chondroitinase ACII, chondroitinase ABC and
nitrous acid confirmed that the 35S-labelled
macromolecules were indeed proteoglycans. In
addition, such treatments indicate the pro-
teoglycans synthesized by human PMN are com-
posed of heparan sulfate, dermatan sulfate and
chondroitin sulfate. Whether these glycos-
aminoglycans are all present on the same core
protein, attached to different core proteins or
exist in various hybrid forms remains to be
established.

To date, proteoglycans isolated from a variety
of cells and tissues have shown great heterogen-
eity in terms of molecular size ranging from
2-5 X 106 for the large chondroitin sulfate pro-

teoglycans in cartilage to 70 000-100 000 for the
small dermatan sulfate proteoglycans found in
skin. In the present study, the elution position
from Sepharose CL-4B of the proteoglycans iso-
lated from human PMN indicates them to be
smaller than the dermatan sulfate proteoglycans
of skin. Such a small size may be accounted for,
in part, by the relatively small size of the glycos-
aminoglycan chains. In our study we determined
them to have an average molecular weight of
16 000. This compares with other reports of
25000 and 11 000 for guinea-pig and human
PMN respectively (9,11). Therefore, assuming
the PMN proteoglycans are smaller than the
dermatan sulfate proteoglycans of skin (approxi-
mately 70 000) then possible configurations for
the PMN proteoglycans could include one of a
core protein of approximately 40 000 to which
one 16 000 glycosaminoglycan chain could be
attached or a shorter protein core of 30 000 with
two 16 000 glycosaminoglycan chains attached.
[t is important to note that these are estimations
based on data obtained from the average elution
positions of heterogeneous preparations of pro-
teoglycans and glycosaminoglycans isolated
from human PMN. For this reason, it is neces-
sary to recognize the likelihood of the presence
of several populations of proteoglycans being
present which may differ in both size and glycos-
aminoglycan composition. Thus, further de-
tailed analyses of these molecules will be
required before the precise structure of PMN
proteoglycans will become evident.

Our finding that the proteoglycans isolated
from the medium of PMN cultures were of simi-
lar size to those from the cells is in contrast to
that of a recent study by Levitt et al. (11). They
found that the cell-associated proteoglycans
were larger than those isolated from the
medium. Although non-specific proteolytic
degradation of the proteoglycans isolated from
the cells should not be discounted, care was
taken in the present study to minimize this
possibility by the use of protease inhibitors dur-
ing all preparative stages. A more likely expla-
nation may be the different elution buffers used
for chromatography. To eliminate non-specific
aggregation occurring we used strong disso-
ciating buffers whereas Levitt et al. (11) used
low-salt buffers which may permit aggregation
or incomplete solubilization of cell membrane
associated material.

Many of the early studies concerning PMN
glycosaminoglycans detected only chondroitin
sulfate (2,3). With improved techniques for
glycosaminoglycan identification, some reports
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suggested that heparan sulfate and dermatan sul-
fate may also be synthesized by PMN (4-6).
Nonetheless, additional reports have not been in
agreement with such observations (4-6). There-
fore, we have reassessed the characterization of
glycosaminoglycans associated with proteogly-
cans associated with medium and cell proteogly-
cans. By using specific enzyme and chemical
degradation in conjunction with chromato-
graphic monitoring of the digestion products we
clearly identified heparan sulfate, chondroitin
sulfate and dermatan sulfate as the constituent
glycosaminoglycans of PMN proteoglycans. In
this respect our findings most closely agree with
those of Parmley et al. (7), and Ohhayashi et al.
9).

Although the functional significance of pro-
teoglycan synthesis by PMN remains to be
established, it seems likely that, in the cell mem-

brane, they are involved in cell adhesion.
Indeed, it has been reported that upon stimu-
lation of PMN with caseinate solution or ad-
herence to plastic the relative distribution of
specific glycosaminoglycans varies between the
cell associated and medium content of glyco-
saminoglycans (6,8). The fact that proteoglycans
have been reported to have a role in the ad-
hesion, mobility and shape of mesenchymal cells
(19) lends support to the concept that such mol-
ecules could be of importance in these funda-
mental events associated with PMN function.
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Effect of Mitogen and Lymphokine
Stimulation on Proteoglycan Synthesis
by Lymphocytes

P. MARK BARTOLD,* DAVID R. HAYNES, AND BARRIE VERNON-ROBERTS
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The ability of mouse thymocytes and peripheral blood lymphocytes from rats to
synthesize and secrete proteoglycans in the presence of a variety of mitogens and
lymphokines was studied in vitro, and it was confirmed that such lymphocytes
synthesize and secrete significant quantities of proteoglycans. Mitogenic stimu-
lation of the cells with phytohaemagglutanin (PHA) induced a fourfold increase in
proteoglycan synthesis; stimulation with interleukin-1 stimulated proteoglycan
synthesis up to fivefold. Proteoglycan synthesis could also be stimulated by cul-
turing the cells in the presence of interleukin-2. To determine if this response was
related to cell proliferation, the cells were cultured in the presence of PHA and
either cyclosporine or prostaglandin E;, two agents that inhibit lymphocyte pro-
liferation. Under these conditions, proteoglycan synthesis remained elevated,
indicating that this effect may be independent of cell proliferation. Chemical
analysis of the proteoglycans indicated them to be composed of chondroitin
sulfate and heparan sulfate. Their molecular size was small compared with car-
tilage proteoglycans but similar to the small dermatan sulfate proteoglycans syn-
thesized by fibroblasts. On the basis of molecular size, three proteoglycan pop-
ulations were identified, and their relative proportions were altered by mitogenic
stimulation of the cells. Taken together, these findings imply that proteoglycan
synthesis is intimately associated with lymphocyte activation and may be related

to celtular function in immune responses.

Many cellular activities and interactions appear to
be regulated by secreted or cell surface-associated mol-
ecules (Comper and Laurent, 1978). Among such mol-
ecules, proteoglycans have received considerable atten-
tion (Hook et al., 1984; lozzo, 1985). These highly
anionic macromolecules, which are heterogeneous in
both their structure and distribution, are defined as
being composed of a single protein core to which one or
more glycosaminoglycan chains are covalently bound
(Hascall and Hascall, 1981). Many of the biological
properties of these molecules can be attributed to ei-
ther the protein core or glycosaminoglycan composition
(Lindahl and Hook, 1978). Although lymphocytes are
not regarded as cells having a significant role in pro-
teoglycan synthesis, it is now evident that some lym-
phocytes are capable of synthesizing and secreting sig-
nificant amounts. Hart (1982) first described the
biosynthesis of glycosaminoglycans by thymus-derived
lymphocytes and not only characterized the different
types of glycosaminoglycans produced, but also demon-
strated that synthesis was increased with mitogenic
stimulation of the cells. Levitt and Ho (1983) subse-
quently demonstrated that these glycosaminoglycans
were secreted as proteoglycans and also found that syn-
thesis was increased upon mitogenic stimulation.

Although the functions of lymphocyte-produced pro-
teoglycans have not been elucidated, it is of interest to
note that B cells are stimulated to proliferate by a fac-
tor that coisolates with a T-cell proteoglycan (Levitt
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and Olmstead, 1986). In addition, the invariant chain
associated with the immune-associated (Ia) antigens of
various lymphoid-like cells has been demonstrated to
be the protein core of a chondroitin sulfate proteogly-
can (Giacoletto, et al., 1986; Sant et al., 1985) and is
intimately associated with antigen presentation (Sivak
et al., 1987). Furthermore, proteoglycans have been ex-
tensively characterized from cultures of large granular
lymphocytes with natural killer function (Bland et al,,
1984; MacDermott, et al., 1985). Such proteoglycans
have been related to the specific activity of target lysis
by