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Development and aging are complex, multidimensional processes in which the 
structure and function of tissues alter in response to encoded cellular and genomic 
transformations. Extracellular matrices play critical structural and functional roles 
in tissues, and, thus, are integral to these processes. Chondroitin/dermatan sulfate 
proteoglycans, which are an important component of these extracellular matrices, 
display developmental and age-related changes in a wide variety of tissues and 
organs. 

44.1 Proteoglycans 

A proteoglycan is a protein which is substituted with one or more glycosamino- 
glycan chains [26]. These linear carbohydrate chains attach covalently to their re- 
spective core protein, mostly through 0-glycosidic linkages, although in some non- 
cartilaginous tissues, the keratan sulfate chains are attached through N-glycosidic 
linkages [8, 24, 281. One type of glycosaminoglycan, hyaluronan, is not covalently 
bound to protein; however, because of its important interactions with proteogly- 
cans, it is commonly included in the discussions of proteoglycans [8, 241. 

44.2 Glycosaminoglycans 

A glycosaminoglycan is a heteropolysaccharide consisting of repeating disaccharide 
sequences, where each disaccharide contains a hexosamine and a hexuronic acid 
(chondroitin sulfate, derrnatan suljbte, heparin, and heparan sulfate). However, in 
keratan sulfate, the hexuronic acid moiety is replaced by a hexose [8, 281. These 
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Figure 1. Chondroitin sulfate and dermatan sulfate are diagrammatically compared with respect to 
their principal disaccharide compositions. Chondroitin sulfate contains disaccharides which consist 
of glucuronic acid and N-acetylgalatactosamine units, which can be variously sulfated or remain 
unsulfated. Most chondroitin sulfate disaccharides exist in the form of chondroitin 4-sulfate (C-4-S) 
or chondroitin 6-sulfate (C-63) .  Unsulfated chondroitin (C-0-S) occurs as a minor constituent of 
most chondroitin sulfate chains. The oversulfated disaccharides, chondroitin sulfate D (CS D) and 
chondroitin sulfate E (CS E ) ,  are rare entities for most mammalian chondroitin sulfate chains, but 
appear more commonly in chondroitin sulfate chains from lower vertebrates or invertebrates. Der- 
matan sulfate chains are heteropolysaccharides in which the principal disaccharides are chondroitin 
sulfate B (CS B) units; they consist of an iduronic acid and a 4-sulfated N-acetylgalactosamine. An 
oversulfated version of this disaccharide ( D i d  B) appears as a minor constituent in most dermatan 
sulfate chains. All dermatan sulfate chains contain chondroitin sulfate domains; however, the size 
and frequency of these domains are highly regulated by cells. 

chains are characterized by their high negative charge which results from the pres- 
ence of carboxyl groups and/or from sulfate ester groups attached to various 
locations within the disaccharide unit. Figure 1 compares chondroitin sulfate and 
dermatan sulfate and illustrates the major disaccharides found in each of these 
glycosaminoglycan chains, which typically consist of 50- 100 disaccharide units. A 
given chondroitin sulfate chain contains 4-, and 6-sulfated7 and to a lessor extent 
0-sulfated, disaccharide units in varying proportions; the oversulfated chondroitin 
sulfate D and E units are less common and do not appear within all chondroitin 
sulfate chains [ 13, 14, 4.51. Dermatan sulfate is synthesized from chondroitin sulfate 
by epimerization of some proportion of the uronic acid residues to form iduronic 
acid residues. Consequently, varying proportions of these chains contain chon- 
droitin sulfate domains in which epimerization did not occur. The iduronate-rich 
domains tend to be 4-sulfated, although oversulfated disaccharides in which there is 
a 2-sulfated iduronic acid-4-sulfated N-acetylgalactosamine also occur [ 13, 14, 451. 
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Thus, both chondroitin sulfate and dermatan sulfate are heterogeneous structures 
based upon their varied disaccharide compositions. Interestingly, this heterogeneity 
is regulated by cellular activity [13]. As discussed below, the distribution of the dif- 
ferent disaccharides along the length of the chain may also be characteristic of its 
cellular source. The degree of sulfation and the distribution of variously sulfated 
disaccharides within the linear structure of glycosaminoglycan chains confers im- 
portant properties upon the proteoglycan. 

44.3 Core Proteins 

The protein portion of a proteoglycan is termed the core protein [28]. There is no 
overall unifying feature which defines a core protein; however, it is now known that 
many of the major proteoglycan species belong to discrete families based upon their 
genomic structures and amino acid sequences [28, 29, 331. For the purposes of this 
discussion only two major proteoglycan families will be discussed in detail. They are 
the hyalectans, interstitial chondroitin sulfate proteoglycans which bind hyalur- 
onan, and the small, leucine-rich proteoglycans, or SLRPs. Members of both of 
these two families appear in interstitial spaces of tissues and organs, and, together, 
comprise the majority of interstitial proteoglycans [29, 331. Consequently, they 
participate in tissue modifications related to development and aging. Table 1 pro- 
vides a list of chondroitin/dermatan sulfate matrix and cell surface proteoglycans 
that includes molecules in addition to those in these two families. Although this list 
is not comprehensive, it demonstrates the large variety of chondroitinldermatan 
sulfate proteoglycans which have been identified. 

44.3.1 Hyalectans 

The principal members of this family are agyrecan, versican, neurocan and brevican 
[33]. However, only aggrecan and versican will be discussed in detail here. The 
reader is directed to other reviews for a discussion of neurocan and brevican [22, 
421. The matrix proteoglycans of this family bind hyaluronan and thereby form 
large multimolecular complexes in interstitial spaces [8, 24, 281, 

All members of this family contain three basic core protein domains: an 
hyaluronan-binding domain, a glycosaminoglycan-attachment domain, and a 
lectin-binding domain [24, 28, 331. Agyrecan, so termed because of its ability to 
form supermolecular aggregates in the presence of hyaluronan, is the principal 
proteoglycan species in hyaline cartilage, and it has also been identified in neural 
tissues [55].  Domain I of the core protein contains an immunoglobulin-like repeat 
and four link protein-like modules which form two tandem globular domains, 
called G1 and G2 [24, 28, 331. An interglobular region has a rod-like structure and 
contains cleavage sites for proteases involved in the degradation of this proteogly- 
can. The G1 domain serves as the functional hyaluronan-binding region. In con- 
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Table 1. Chondroitin/Dermatan Sulfate Proteoglycans. 

I. Matrix Proteoglycans 

Basement membrane proteoglycans 
Proteoglycan 
Bamacan 

H yalectans 

A g g r e c a n 
Versican 
Neurocan 
Brevican 

Glycosaminoglycan chains Anatomic distribution 
Chondroitin sulfate Skin 

Chondroitin/keratan sulfate Cartilage, Neural 
Chondroitin sulfate Skin, Neural 
Chondroitin sulfate Neural 
Chondroitin sulfate Neural 

Small, leucine-rich proteoglycans (SLRPs) 

Decorin 
Biglycan 
Epiphycan 

Dermatan/chondroitin sulfate Cartilage, Skin, Neural 
Dermatan/chondroitin sulfate Cartilage, Skin, Neural 
Dermatan/chondroitin sulfate Cartilage 

Fibril-associated collagens with interrupted triple-helices 

Type IX collagen Chondroitin sulfate 
Type XI1 collagen Chondroitin sulfate 
Type XIV collagen Chondroitin sulfate 

Cartilage 
Cartilage, Skin 
Cartilage, Skin 

11. Cell surface proteoglycans 

Syndecan Family Heparan/chondroitin sulfate Cartilage, Skin, Neural 
CD44 Heparan/chondroitin sulfate Cartilage, Skin, Neural 

GI ycosylphosphatidylinositol-linked 

Phosphacan Chondroitin sulfate Neural 

trast, the G2 domain, which shares structural homology to the G1 domain, appears 
not to bind hyaluronan, and its function is not yet clearly understood [33]. Imme- 
diately following the G2 domain appears a small region where keratan sulfate gly- 
cosaminoglycan chains are attached to the core protein via O-glycosidic linkages. 
The presence and length of this region is species-dependent 141. In chick and human, 
it is present, but it is absent in mouse. Domain I1 is the largest structural unit of 
aggrecan and it contains the bulk of the glycosaminoglycan chains, primarily 
chondroitin sulfate, but also some keratan sulfate [8, 24, 281. Up to 100 chondroitin 
sulfate chains may be covalently bound to serine-glycine repeats that characterize 
this domain and which serve as attachment sites for these chains 18, 24, 26, 281. This 
domain is divided into two sub-regions. The CS1 sub-region, adjacent to the kera- 
tan sulfate-attachment region, contains a zone of densely packed chondroitin sulfate 
chains, and distal to this is another sub-region, CS2, which contains tufts of more 
widely spaced chondroitin sulfate chains. The presence of these large numbers of 
closely apposed chondroitin sulfate chains produces the so-called bottle brush ap- 
pearance of aggrecan that is seen in rotary shadowed images viewed in the electron 
microscope 1281. Domain I11 contains structural motifs which are similar to those 
found in versican (see below). These include epidermal growth factor (EGF)-repeats 
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which can be alternatively spliced and a lectin-like region which forms a third 
globular domain, G3. The lectin-like domain binds simple sugars such as fucose and 
galactose in a Ca++-dependent manner (331. 

Aggrecan proteoglycans, or more specifically multimolecular aggregates of ag- 
grecan and hyaluronan, in combination with type I1 collagen, are primarily re- 
sponsible for the visco-elastic properties of hyaline cartilage [ 81. Proteoglycan 
aggregates, which are held in place by their interactions with collagenous fiber 
meshworks, bind and structure water molecules by virtue of their high negative 
charge. Compressive forces result in the redistribution of these water molecules. 
Upon release of the compressive force, water molecules reassemble around proteo- 
glycan aggregates. Aggrecan, itself, may act as a linking molecule. The hyaluronan- 
binding region near the N-terminus may bind to cell surface-associated hyaluronan, 
while the lectin-like domain near the C-terminus may link with other extracellular 
matrix molecules [33]. This feature of aggrecan may, in part, account for the pres- 
ence of an unique pericellular matrix which surrounds chondrocytes in cartilage 131, 
491. 

Versican is the mammalian counterpart to the avian proteoglycan, PG-M [28, 33, 
58, 721. Like aggrecan, its core protein is subdivided into three domains. Domain I 
contains one immunoglobulin repeat followed by two link protein modules. Versi- 
can binds to hyaluronan with a Kd of about 4 nM, which is similar to that for 
aggrecan [33]. Domain I1 contains two glycosaminoglycan-attachment regions, 
GAG-a and GAG-P. Within these two subdomains are 12-15 attachment sites 
for chondroitin sulfate chains [28, 331. Domain I11 contains two EGF-like repeats, a 
C-type lectin region, and a complement regulatory protein-like module [28. 331. The 
recombinant human lectin region can bind fucose and N-acetylglucosamine as well 
as tenascin-R [2, 28, 331. There are at least four possible splice variants of mam- 
malian versican [27, 32, 571. The largest, termed VO, contains both GAG-a and 
GAG-P chondroitin sulfate-attachment sub-regions. The VI  variant contains only 
the GAG-P sub-region, the V2 variant contains only the GAG-a sub-region, and the 
V? variant lacks both of these chondroitin sulfate-attachment regions and, thus, 
exists simply as a glycoprotein. 

Versican, as its name implies, appears to be an extremely versatile molecule. It is 
highly expressed in embryonic and fetal, non-cartilaginous tissues and is also a 
major component of tumor stromas [34, 611. In these situations it is thought that 
versican plays roles in cellular proliferation and cellular migration [33, 721. Recent 
studies have provided evidence that the EGF-like motifs in the C-terminal domain 
of versican enhance cellular proliferation of fibroblasts through interaction with the 
EGF-receptor on cell surfaces [71]. Versican, like aggrecan, interacts with hyalur- 
onan; consequently, versican may participate in determining the visco-elastic prop- 
erties of non-cartilaginous tissues and in structuring pericellular matrices. 

44.3.2 Small Leucine-rich Proteoglycans 

All of the members of this family contain a central domain containing leucine-rich 
repeats [28, 29, 331. This hydrophobic central domain is essential for many of the 
molecular interactions engaged in by these molecules. The proteoglycans of this 
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family can be substituted with chondroitin sulfate, dermatan sulfate, or keratan 
sulfate chains; some of these proteoglycans can exist as simple glycoproteins [33]. 
The glycosylation of these proteoglycans is highly regulated and is dependent upon 
the tissue and species of origin, as well as on development and aging. The three 
dermatan/chondroitin sulfate members of this family will be briefly described. 

Decorin is a proteoglycan which is principally produced by mesenchymal cells [ 6, 
28, 29, 331. It is a major proteoglycan species in tissues which contain types I and I1 
collagen fibers, and it acquired its name because of its ability to bind to, or deco- 
rate, these collagens at definitive locations [56] .  Decorin mRNA codes for four core 
protein domains. The first domain contains the signal peptide and a propeptide; it 
is not expressed in the final translational product [33]. The three domains which 
are expressed are the cysteine-rich domain 11, which contains the single glyco- 
saminoglycan attachment site, the leucine-rich domain 111, which contains ten tan- 
dem leucine-rich repeats, and domain IV, which contains a relatively large loop 
with two cysteine residues. Many of the functional characteristics of decorin depend 
upon its leucine-rich domain. Its ability to bind to collagens and to inhibit type I 
collagen fibrillogenesis depends upon this hydrophobic domain [ 54, 681. The physi- 
ologic importance of the interactions between decorin and type 1 collagen fibers is 
demonstrated in decorin-null mice [ 151. These mice grow normally to adulthood, 
but exhibit increased skin fragility. The bundles of type I collagen fibers in the 
mutant skin appear as unusually coarse and irregular structures, an indication that 
decorin is essential for regulating their formation. 

In addition, decorin binds, through its core protein, the growth factor TGF-p and 
in doing so, temporarily inactivates this molecule [53]. This interaction may also 
provide a storage compartment in the extracellular matrix. Decorin, through its 
binding to specific cell surface receptors, can modify cellular physiology and, in this 
way has been shown to inhibit cellular proliferation [33]. This proteoglycan, but not 
biglycan, activates fibroblasts that are adhereing to vitronectin to produce matrix 
metalloproteinase- 1, a tissue collagenase [32]. Thus, this proteoglycan has multiple 
gene regulatory effects which facilitates both structuring and remodeling of the ex- 
tracellular matrix, events that have important implications in morphogenesis. 

Biglycun shares substantial sequence homology with decorin, and it has four core 
protein domains as described above for decorin [29, 331. However, it differs from 
decorin in that it is substituted with two dermatan sulfate or chondroitin sulfate 
chains near its N-terminus. Despite the overall similarity between decorin and bi- 
glycan, these two molecules have, in many instances, different tissue distributions. 
This is especially apparent in human skin where decorin is associated with ex- 
tracellular matrix and fibrillar collagen bundles, while biglycan is principally found 
in association with epithelial structures, the epidermis, and vascular endothelial cells 

Epiphycun, the mammalian counterpart for the chick proteoglycan PG-Lb, 
appears in cartilage, particularly in the flattened zone of chondrocytes of chick 
embryonic limb cartilage [29, 351. Thus, this proteoglycan has a significantly more 
restricted tissue distribution than does either decorin or biglycan. This proteoglycan 
is usually substituted with a single dermatan/chondroitin sulfate glycosaminoglycan 
chain near its N-terminus [35]. 

[61. 
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44.4 Chondrotin/Dermatan Sulfate Proteoglycans in Development and 
Aging 

Because of their complexity, developmental, age-related, and pathologic changes in 
proteoglycans may occur through three basic mechanisms, two of which will be 
briefly discussed here. First, changes in the production and distribution of specific 
core proteins occur during development and in tumor growth [lo, 23, 34, 611. These 
changes in core protein expression also include the controlled expression of specific 
splice variants for a given core protein. Second, many developmental and patho- 
logic situations are accompanied by post-translational changes in the glycosami- 
noglycan chains attached to a particular proteoglycan species. Third, the extra- 
cellular degradation of proteoglycans is a highly regulated phenomenon that is now 
known to be an important factor in age-related changes of some tissues, especially 
cartilage. This latter mechanism, although important, will not be discussed further. 

44.4.1 Core Proteins in Development, Aging, and Pathologies 

Cartilage development provides a paradigm for the study of proteoglycans in 
development and aging. In limb morphogenesis, an undifferentiated mesenchyme is 
replaced by chondrogenic and myogenic tissue [ 161. Condensation of the central 
core of mesenchymal cells denotes the start of chondrogenesis. Undifferentiated 
mesenchymal cells produce a different complement of proteoglycans than do chon- 
drogenic cells, which appear in the condensation region. Versican, a product of 
most mesenchymal cells, is replaced by aggrecan, a cartilage-specific proteoglycan 
[57]. However, versican continues to be produced in the surrounding myogenic re- 
gions. Aggrecan remains the principal proteoglycan species in cartilage; however, as 
discussed below, this proteoglycan undergoes post-translational modifications that 
are related to development, maturation, and aging. 

There are several other tissues in which versican is the major proteoglycan syn- 
thesized early in development, and also where its synthesis declines as development 
proceeds. These include skeletal muscle, liver, and cornea [9, 10, 21, 27, 391. In 
contrast to cartilage, where aggrecan remains the principal proteoglycan species, 
versican is replaced in these other tissues by small proteoglycans, often decorin 
[9, 10, 23, 611. As discussed below, skin follows the same pattern as for other non- 
cartilaginous tissues. 

The appearance of epiphycan in the flattened zone of chondrocytes of chick em- 
bryonic limb cartilage is developmentally regulated. Its presence is postulated to 
delay the onset of calcification or to arrange the matrix in preparation for the ex- 
tensive remodeling that occurs during calcification 1351. Other small proteoglycans, 
decorin and biglycan, are present throughout articular cartilage; however, the rela- 
tive amounts of these proteoglycans differ in the various regions of cartilage; the 
functional significance of this regional distribution of decorin and biglycan has not 
been elucidated [SO]. 
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Skin is another tissue in which changes in proteoglycans occur. Human fetal skin 
differs from adult skin in that, on a relative basis, the principal proteoglycan species 
is versican [61]. Hyaluronan is also a significant component of fetal skin. Presum- 
ably much of the versican interacts with hyaluronan to form multi-molecular ag- 
gregates, much like the aggregates of aggrecan and hyaluronan in cartilage matrix. 
In adult human skin, decorin becomes, on a relative basis, the principal proteogly- 
can species [61]. A similar increase in the ratio of decorin to versican has been re- 
ported for developing rat skin [23]. In some skin pathologies, such as hypertrophic 
scars and keloids, substantial changes occur in the proportions of different proteo- 
glycans. Biglycan, which under normal circumstances is a relatively minor proteo- 
glycan species in dermis, becomes a major proteoglycan species [30]. This switch 
between decorin and biglycan production may be related to the action of specific 
growth factors. Growth factors and other tissue regulatory factors differentially 
regulate the production of decorin and biglycan [29, 33, 36, 371. Thus, changes in 
growth factor/cytokine profiles which might occur during development or in path- 
ologies might have an important impact on proteoglycans. 

44.4.2 Chondroitin/Dermatan Sulfate Glycosaminoglycan Chains in Development, 
Aging, and Pathologies 

Cartilage serves as a model for the study of changes in glycosaminoglycan structure. 
Much of the early work on glycosaminoglycan structure was performed on ag- 
grecan extracted from chick limb cartilage [ 161. Chondroitin sulfate chains attached 
to aggrecan undergo significant post-translational modifications related to devel- 
opment and maturation. First, chondroitin sulfate chains attached to embryonic 
aggrecan are significantly longer than are those chains attached to adult aggrecan. 
Second, the ratio of chondroitin 6-sulfate disaccharides to chondroitin 4-sulfate 
disaccharide declines with age. Chick aggrecan is also substituted with keratan 
sulfate chains which become longer as the donor matures and ages. Analogous 
changes have been reported for aggrecan in human, bovine, and ovine cartilage [ 5 ,  
18, 51, 65, 661. Recently, more refined analysis of the chondroitin sulfate of ag- 
grecan from human cartilage has shown age-related changes in the sulfation pattern 
of the non-reducing terminal residues [48]. 

The basis for these changes in glycosaminoglycan composition appears to be de- 
termined at the level of enzymes located within the Golgi apparatus. Recent evi- 
dence for this has been found in neural tissue, another tissue in which there are 
significant, physiologically relevant changes in chondroitin sulfate proteoglycans 
[20, 42, 44, 561. These studies demonstrated developmentally regulated changes in 
chondroitin 4- and chondroitin 6-sulfotransferases in extracts of chick brain tissue 
[ 381. The ratio of activity of the 6-sulfotransferase to 4-sulfotransferase declined 
with development in concert with a decline in the ratio of chondroitin 6-sulfate to 
chondroitin 4-sulfate in the tissue. Furthermore, the total amount of enzyme activ- 
ity and glycosaminoglycan content in tissues was highest in embryos. These results 
mirror those found in cartilage and highlight the point that changes in the types and 
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amount of sulfation in a given tissue or organ are a common occurrence in normal 
development. Changes in sulfation are not limited to developmental situations. In 
malignancies, similar changes in sulfation have also been observed [ 11. 

A physiologic role for chondroitin sulfate chains in neural development is illus- 
trated by the work of Faissner and co-workers [20]. They identified developmentally 
related changes in rat neural tissue associated with chondroitin sulfate proteogly- 
cans and produced monoclonal antibodies that enabled them to identify a specific, 
developmentally related proteoglycan. This DSD-1 proteoglycan promoted neurite 
outgrowth in an in vitro assay. Removal of the glycosaminoglycan chain eliminated 
this in vitro activity. Addition of monoclonal antibody 473HD, which recognizes an 
epitope on this glycosaminoglycan chain, to the in vitro system also inhibited neu- 
rite outgrowth. These data strongly suggest that a specific carbohydrate epitope has 
physiologic relevance. Recent studies from this group have partially identified the 
epitope as containing at least one oversulfated chondroitin sulfate D disaccharide, 
with the remaining disaccharides being chondroitin 6-sulfate [ 14, 441. In contrast to 
these studies, it has been demonstrated that other chondroitin sulfate proteoglycans, 
such as aggrecan extracted from cartilage, inhibit neurite outgrowth [42, 591. Thus, 
these apparently contradictory data emphasize the point that proteoglycan core 
proteins and their glycosaminoglycan chains, in combination, play an important 
role in neural development. Chondroitin sulfate D is an unusual oversulfated moi- 
ety that is found in low abundance in most mammalian chondroitin sulfate and 
dermatan sulfate chains (Figure 1). 

Chondroitin sulfate proteoglycans appear to be important in the developmental 
patterning of the central nervous system. This is exemplified in a recent study where 
embryonic thalamic neurons were plated onto living slices of mouse forebrain [ 191. 
Cell attachment and neurite outgrowth on different layers of the developing cerebral 
cortex varied in ways that correlated with timing and pattern of thalamocortical 
innervation. The cortical plate possessed inhibitory activity, while the intermediate 
zone and subplate regions possessed stimulatory activity. Both the inhibitory and 
stimulatory layer-specific differences were abolished by pretreatment of tissue slices 
with chondroitinase. 

The cell-cell and cellLmatrix interactions that are responsible for the phenomena 
described above have not been identified. One potential mechanism is the interac- 
tion of chondroitin sulfate chains with cell adhesion molecules. Chondroitin sulfate 
chains appear to play a major role in the binding of phosphacan and the neural cell 
adhesion molecule TAG- l/axonin- I [44]. Interestingly, chondroitin sulfate chains 
have little, if any, role in the binding of neurocan to the same adhesion molecule. 
These results emphasize the importance of integrated protein/glycosaminoglycan 
chain interactions in development. 

These studies of neural development not only emphasize the importance of 
chondroitin/dermatan sulfate glycosaminoglycan chains, but also illustrate the 
utility of carbohydrate-specific monoclonal antibodies in studies of development 
and aging. In recent years a large number of monoclonal antibodies have been 
developed which recognize carbohydrate epitopes associated with chondroitin and 
dermatan sulfate glycosaminoglycan chains [3, 7, 20, 43, 62, 64, 70). Many of these 
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antibodies have been employed in studies which demonstrate that there are changes 
in carbohydrate structure which are apparently related to tissue development and 
pathologies. 

There are two groups of these antibodies. One group of antibodies only recog- 
nizes epitopes in glycosaminoglycan chains that have been previously modified by 
chondroitinase treatment [ 1 11. Bacterial chondroitinases are eliminases which leave 
an unsaturated uronic acid residue at the non-reducing termini of chondroitin sul- 
fate and dermatan sulfate chains. The unsaturated uronic acid residue is an obliga- 
tory component of the epitope for this first group of antibodies. A second set of 
monoclonal antibodies recognizes epitopes that are located within or at the non- 
reducing termini of intact glycosaminoglycan chains [ 12,25,48,62]. No chemical or 
enzymatic treatment is required to generate these epitopes. These latter epitopes 
have been termed native epitopes to differentiate them from those that require prior 
enzymatic treatment. 

A number of other native anti-chondroitin sulfate antibodies have been devel- 
oped. The epitopes for some of these antibodies are located within the interior of 
chondroitin sulfate chains. This was demonstrated for embryonic chick aggrecan by 
performing controlled chondroitinase ABC treatments [25, 621. Some epitopes were 
removed from the aggrecan by very brief treatments, while other epitopes required 
extensive treatments for their removal. These data suggest that specific epitopes 
exist within defined domains that are located within chondroitin sulfate chains 
(Figure 2). Modification of chondroitin or dermatan sulfate chain chemistries could 
presumably result in changes in immunological expression in tissues. However, 
another consideration must also be taken into account. The immunologic expres- 
sion of a particular epitope depends not only on its presence, but also on its pre- 
sentation. The location of the epitope within the three-dimensional structure of a 

Linkage 
Region 

Chondroitin Sulfate Chain 

4C3RD4 4D316C3iCS-56 Native 
383 I + 

Core Protein 

Figure 2. Chondroitin sulfate chains covalently attach to a core protein via a carbohydrate linkage 
region. The native chondroitin sulfate epitopes for various anti-chondroitin sulfate monoclonal anti- 
bodies have been mapped to different regions of the chondroitin sulfate chains of embryonic chick 
aggrecan. The native 3B3 epitope [12, 481 appears at the non-reducing terminus. Interior domains 
contain epitopes for antibodies 4D3/6C3/CS-56 [62]. Epitopes for antibodies 4C3/704 are located 
adjacent to the linkage region [25, 621. Figure modified from [62]. 
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given proteoglycan affects immunoreactivity, as does interaction of a glyco- 
saminoglycan chain with other matrix molecules [48, 621. 

Immunohistochemical studies employing various anti-chondroitin sulfate mono- 
clonal antibodies have demonstrated spatio-temporal changes in chondroitin sulfate 
chains in a variety of tissues and developmental situations [7, 12, 20, 43, 46, 61, 631. 
These changes presumably result from the controlled modification of the sulfation 
in these glycosaminoglycan chains, although changes in the presentation or masking 
of epitopes is a factor that must be considered in these studies [48, 621. Similarly, 
changes in the sulfation of chondroitin sulfate chains related to tissue pathologies 
have also been demonstrated [ 1,  121. Human skin provides an example where spatio- 
temporal changes in chondroitin sulfate structure have been shown to occur during 
development [ 6 11. These changes in sulfation were demonstrated with monoclonal 
antibodies which specifically recognize chondroitin sulfate glycosaminoglycans, 
which, for the most part, are attached to the interstitial proteoglycan versican [61]. 
Such spatio-temporal distributions of proteoglycans, based upon the expression of 
chondroitin sulfate epitopes, have been shown in other developing systems. A recent 
example is demonstrated in the developing chick heart where the appearance of 
a specific chondroitin sulfate epitope is associated with subdomains of the endo- 
cardial cushions as well as with trabecular and atrial septa1 formation [7]. 

The physiologic relevance of changes in the spatio-temporal distribution of 
chondroitin sulfate epitopes is not yet fully understood. However, clues as to the 
relevance of such tissue modifications come from the study of other glycosamino- 
glycans such as heparin and heparan sulfate. These two glycosaminoglycan chains 
contain various domains situated within their linear sequence that have been iden- 
tified by combined chemical and enzymatic depolymerization studies [40, 52, 671. 
One such domain in heparin/heparan sulfate, enriched for a 2-sulfated iduronic acid 
and N-sulfated glucosamine, binds basic fibroblast growth factor FGF-2, an inter- 
action which potentiates the cellular proliferation activity of this growth factor [67]. 
Dermatan sulfate, like heparin/heparan sulfate, also contains domains that are 
enriched in disaccharides that are sulfated in the 2-position of iduronic acid, and, 
consequently, bind FGF-2 [47]. Dermatan sulfate proteoglycans are an important 
constituent of skin and in wounds, where the content of dermatan sulfate proteo- 
glycans is significantly increased over that in normal skin [47]. The dermatan sulfate 
from wound fluids binds FGF-2, and this interaction is sufficient to support the 
ability of FGF-2 to modulate cellular proliferation [47]. Thus, one potential mech- 
anism for dermatan sulfate glycosaminoglycan function in development is to regu- 
late cellular proliferation, migration, and differentiation through its growth factor 
interactions. This may be significant in skin development where it has been shown 
that FGF-2 is one of the growth factors that appears at sites of incipient hair and 
feather formation [ 17, 691. Experimental studies with embryonic chick skin show 
that insertion under the epidermis of microbeads soaked in FGF-2 initiates feather 
formation [60]. The role of dermatan sulfate in binding and regulating growth fac- 
tors in developing tissues such as skin needs to be more carefully investigated. The 
studies described above indicate that chondroitin sulfate and dermatan sulfate gly- 
cosaminoglycan chains, like their heparin/heparan sulfate counterparts, participate 
in highly defined molecular interactions which depend upon the existence of specific 
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structural domains. However, our current knowledge of the chemical structures of 
these molecules remains limited. Therefore, to fully appreciate the roles that these 
glycosaminoglycans play in development, it will be necessary to develop the tech- 
nology to chemically sequence these chains and to determine the physiologic rele- 
vance of these chemical sequences. 

44.5 Summary 

Chondroitin/dermatan sulfate proteoglycans are critical components of extra- 
cellular matrices and these molecules play important, if as yet poorly understood, 
roles in tissue development, maturation, and pathology. The recent development 
of an extensive array of core protein- and glycosaminoglycan-specific monoclonal 
antibodies has revealed tantalizing information regarding the developmental im- 
portance of this diverse and complex group of molecules. However, a detailed ap- 
preciation of the physiologic roles that these molecules play awaits a more thorough 
understanding of their interactive nature. Such interactions include: 

1) the ability of these molecules to bind, store, and regulate the activity of growth 

2) the ability of these molecules to interact with cell surface receptors and cell 

3) the ability of these molecules to interact with cell surface and matrix molecules 

4) the ability of these molecules to bind to cell surface receptors and thereby to 

factors; 

adhesion molecules in order to direct cellular migration; 

to structure the pericellular and interstitial matrices; and 

directly influence cellular metabolism. 

These interactions involve both core proteins and glycosaminoglycan chains, 
sometimes both in combination. All of these interactive events contribute to tissue 
differentiation and morphogenetic movements that are critical for tissue develop- 
ment and pathologies. 
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