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R E V I E W  

An erroneous glycosaminoglycan metabolism 
leads to corneal opacification in macular corneal 
dystrophy 

Andrew J. Quantock 

Anheuser-Busch Eye Institute, Department of  Ophthalmology, Saint Louis University, 1755 South Grand 
Blvd., St. Louis, MO 63104, USA 

Macular corneal dystrophy (MCD) is a rare, potentially blinding disease whose fundamental genetic defect 
and exact pathogenesis are yet to be elucidated. It is, however, an especially interesting pathology, which 
highlights how an erroneous glycosaminoglycan or proteoglycan metabolism can induce physical symptoms 
in a specific connective tissue. Based on immunochemical data, MCD is a heterogeneous condition, and at 
least two types of the disease have been identified. The cornea, cartilage, and serum from MCD type I 
patients all contain an unsulphated form of keratan sulphate. In contrast, these tissues contain normally 
sulphated keratan sulphate in MCD type II patients. A normal population of keratan sulphate proteo- 
glycans (and chondroitin/dermatan sulphate proteoglycans) in the cornea seems to be a requirement of 
corneal transparency. However, a clinical diagnosis of MCD is unable to distinguish between the keratan 
sulphate positive and negative types of MCD. The histopathology of MCD is fairly well established, and 
various corneal aberrations--such as fibrillogranular and glycosaminoglycan deposits, abnormal diameter 
collagen, and collagen-free lacunae--result in a breakdown of the regular corneal architecture that 
presumably contributes to the subsequent corneal opacification. 
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Introduction 

Macular corneal dystrophy (MCD) is a rare sys- 
temic disorder, first recognized by Groenouw [1] 
and later described by Fuchs [2] around the turn of 
the century, in which an erroneous glycosamino- 
glycan metabolism is manifested clinically as pro- 
gressive corneal opacification [3-5]. Its mode of 
inheritance is autosomal recessive, with more pre- 
valent MCD populations existing in certain socie- 
ties such as Iceland [6], Saudi Arabia [7] and parts 
of North America [4J. Despite its low occurrence 
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in the general population, MCD has been studied 
extensively because it provides much information 
regarding the involvement of glycosaminoglycan 
abnormalities in the mechanisms which regulate 
corneal ultrastructure and, hence, the loss of cor- 
neal transparency in the diseased state. This 
review of MCD aims to collate our current know- 
ledge regarding the pathogenesis of this intriguing 
condition. 

Co rnea l  a n a t o m y  

Prior to focusing on MCD it may be beneficial to 
provide a brief overview of corneal ultrastructure; 
a fuller description can be found in one of several 
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medical texts [8, 9]. Basically, the cornea is com- 
posed of five layers: the epithelium, Bowman's 
membrane, the stroma, Descemet's membrane and 
the endothelium. 

The epithelium consists of two layers of surface 
cells, two or three layers of wing-shaped cells and 
a single layer of columnar basal cells which are 
separated from the underlying connective tissue by 
a basement membrane. Posterior to the epithelial 
basement membrane in many species lies Bow- 
man's layer (or membrane); this is not a true 
membrane but is an acellular compaction of dis- 
organized collagen fibrils constituting approxi- 
mately 2% of corneal thickness. The bulk of the 
cornea is stroma, a connective tissue composed of 
various collagens, glycoproteins and proteoglycans 
populated by stromal fibroblasts (keratocytes). 
Descemet's membrane - the basement membrane 
of the corneal endothelium - lines the posterior 
stroma. The anterior banded portion of this mem- 
brane is present at birth and the whole membrane 
thickens throughout life as a posterior non-banded 
zone is continuously deposited by the endothelium. 
The innermost layer of the cornea is the endothe- 
lium, a single layer of hexagonal cells with minimal 
regenerative ability in humans, which separate the 
stroma from the aqueous humour, and play an 
important role in regulating stromal hydration. 

Stromal transparency 

The corneal stroma is a connective tissue, unique 
by virtue of its transparency. Within the stroma, 
collagen fibrils, regularly spaced and of uniform 
diameter, lie parallel to the surface of the cornea 
in wide thin sheets or lamellae - approximately 
200 of these lamellae are stacked and constitute 
the stroma. In his classic 1957 paper, Maurice [10] 
discounted the idea that corneal transparency ar- 
ises because the collagen has the same refractive 
index as the ground substance in which it is 
embedded, and proposed instead that 'the [col- 
lagen] fibrils are arranged in a regular lattice so 
that the scattered light is destroyed by mutual 
interference'. Later workers supported Maurice's 
hypothesis, and further demonstrated that a per- 
fect lattice of collagen fibrils is not a strict require- 
ment for transparency - a 'lattice-like' structure 
will suffice [11,12]. Indeed, radial distribution 
functions of corneal electron micrographs have 
shown that the fibril lattice exhibits only short- 
range order, with the fibril positions being correl- 
ated over only a few nearest neighbour distances 

[13]. More importantly from the clinical stand- 
point, the early calculations of Benedek [12] and 
Goldman et al. [14] revealed that any fluctuations 
in the lattice-like arrangement of collagen fibrils-- 
the so-called stromal 'lakes' whose size exceeds 
half the wavelength of light (~  200-250 nm) will 
contribute to light scattering. The upshot of this 
transparency theory is that any pathological pro- 
cess or hydration change results in disruptions of 
the stromal architecture above a certain threshold 
will contribute to corneal opacification. 

Regulation of the stromal architecture 

Basically, two conditions need to be satisfied if the 
regular architecture of the corneal stroma is to be 
maintained. (i) The collagen fibrils should be of a 
uniform diameter, and (ii) the collagen fibrils 
should be regularly spaced. Given the complex 
interrelationships of the various stromal compo- 
nents, it seems reasonable to assume that the 
molecular mechanisms which satisfy each one of 
these conditions are not mutually exclusive. A 
physiological interaction which limits collagen fibril 
diameter, for example, could well influence the 
spacing of the fibrils. 

Collagen fibrils in the mature human corneal 
stroma have diameters of 26 nm (+2.4 nm) when 
imaged in the transmission electron microscope 
[15] (synchrotron X-ray diffraction analysis of 
human corneas, a technique that does not require 
specimen dehydration, reveals that the true value 
is closer to 31 nm [16]). This remarkable unifor- 
mity of size has been attributed to several factors, 
including the intrafibrillar proportion of type V 
collagen in the hybrid collagen type I/V stromal 
fibrils [17, 18], intermolecular hydroxylysine-linked 
glycosides [19] and interactions with corneal pro- 
teoglycans [20-24]. The mean centre-to-centre fi- 
bril spacing in normally hydrated human corneas, 
quantified using synchrotron X-ray diffraction 
techniques, is 61.9 nm (+4.5 nm) [16]. Proposed 
modulators of this uniform spacing include corneal 
proteoglycans [25-27], the non-fibril-forming type 
VI collagen [28-30] and type XII collagen [31]. 

Corneal proteoglycans 

Probably the most important group of non- 
collagenous corneal macromolecules is the stromal 
proteoglycans. These often exist in intimate associ- 
ation with the stromal collagen fibrils [32, 33], and 
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much evidence exists which implicates them in the 
maintenance of the stromal architecture [20-27]. 

The small, interstitial proteoglycans of the cor- 
neal stroma are hybrid molecules composed of a 
leucine-rich protein core to which glycosamino- 
glycans and oligosaccharides are covalently at- 
tached via a linkage region. A vast body of evid- 
ence exists concerning the biochemistry of the 
proteoglycans [34-38], and an appreciation of their 
structure and function can greatly aid our under- 
standing of numerous corneal dystrophies and 
mucopolysaccharidoses. 

Glycosaminoglycans, which in the past were 
termed acid mucopolysaccharides, are composed of 
repeating disaccharide units containing alternating 
hexosamine and uronic acid (or galactose) moie- 
ties. Importantly, in the normal cornea, sulphate 
groups are O-linked to various sites on the hexo- 
samine and/or the uronic acid (although not the 
glucuronic acid) portion of a particular glycos- 
aminoglycan, and the pattern of sulphation varies 
between different types of glycosaminoglycan [34]. 
The most abundant glycosaminoglycan in the 
mature cornea is keratan sulphate, a greater pro- 
portion of which is thought by some to exist in the 
posterior (bovine) stroma [39, 40], possibly as a 
result of the relatively low oxygen tension that 
exists in this region of the cornea in large mam- 
mals [41, 42]. The distributional heterogeneity of 
keratan sulphate proteoglycans which has been 
correlated directly with the degree of collagen 
fibril organization in human corneas [20], could 
well have some physiological significance related to 
the water sorptive and retentive properties of 
keratan sulphate versus other extracellular matrix 
constituents [43]. 

The repeating disaccharide of the corneal kera- 
tan sulphate glycosaminoglycan is composed of 
N-acetylglucosamine and galactose, linked 1-3 
and 1-4 [34]. Multiple core protein isoforms exist 
in vertebrate corneas to which keratan sulphate 
can attach itself [44, 45], thereby forming the kera- 
tan sulphate proteoglycan termed lumican. The 
deduced amino acid sequence of chick corneal 
lumican documents five potential keratan sulphate 
attachment sites [46], and generally between one 
and three of these contain keratan sulphate chains 
[41, 48]. 

Decorin is the other main proteoglycan in the 
corneal stroma. This molecule consists of a protein 
core [49] to which a sole glycosaminoglycan is 
bound [34, 48]. The hexosamine portion of the 
repeating disaccharide in this case is N-acetyl- 
galactosamine, and the uronic acid portion varies 

between iduronic acid and glucuronic acid. Strictly 
speaking, because the glycosaminoglycan contains 
some iduronic acid (approximately 10% for bovine 
cornea [50]) it should be classed as dermatan 
sulphate. However, since the majority of the 
uronic acid is in the form of glucuronic acid, this 
corneal glycosaminoglycan is also referred to as 
glucuronic acid-rich dermatan sulphate [34] and 
chondroitin/dermatan sulphate [41, 49]. 

Studies on day 18 chicken embryos have re- 
vealed that, in addition to their glycosaminoglycan 
chains, lumican contains 2-3 N-linked oligo- 
saccharides, and decorin contains 1-3 N-linked 
oligosaccharides and one O-linked oligosaccharide 
[48]. 

Work employing cDNA clones has indicated 
that tumican and decorin are different but related 
gene products [46, 49] and are independently regu- 
lated at both the translational and post-trans- 
lational levels during corneal development [51]. 
The interaction of decorin [21] and lumican [24] 
with the hybrid type I/V stromal collagen fibrils 
occurs via their protein cores, and it appears that 
disulphide bridges within the protein cores play a 
major role in this interaction [24, 52]. 

Clinical presentation of MCD 

Classically, MCD presents within the first decade 
of life. Typically, the initial stromal clouding is 
accompanied by the appearance of small, scat- 
tered, white opacities in the central superficial 
cornea which subsequently extend posteriorly and 
peripherally as the condition becomes symptomat- 
ically advanced by the third decade [3] (Figure 1). 
The central cornea tends to be thinner than 
normal in MCD [53, 54], a finding attributed to 
the compaction of normal-diameter collagen fibrils 
[55]. Visual impairment due to MC~) is such that a 
corneal graft is normally warranted by the third to 
fifth decade [3], although occasionally MCD pa- 
tients in their eighth decade have had corneal 
transplantations [56, 57]. This procedure has a high 
success rate, although there are occasional reports 
of MCD recurring in the donor tissue, sometimes 
many years following the original graft [58-64]. 
The selective rarity of MCD recurrence and the 
extreme variability in the time course of its recur- 
rence are somewhat puzzling. Histopathologically 
confirmed recurrences of MCD may be due to 
diseased keratocytes migrating from the host tissue 
into the grafted tissue and producing abnormal 
glycosaminoglycans [61,63]. Alternatively, since 
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Figure 1. The typical clinical appearance of a macular 
corneal dystrophy cornea prior to corneal transplanta- 
tion. Scattered, white opacities are observed with inter- 
vening stromal clouding. This particular patient suffered 
from macular corneal dystrophy type I, although the 
clinical presentation of type II patients is identical (see 
text). 

keratocytes in donor tissue in which MCD has 
apparently recurred have been reported to synthes- 
ize normal glycosaminoglycans [62], the recurrence 
may be due to abnormal glycosaminoglycans 
migrating into the graft from the adjacent host 
tissue [60, 62]. 

Glycosaminoglycans synthesized in MCD 

The early histological work on MCD reported a 
deposition of acid mucopolysaccharides (glycos- 
aminoglycans) in the corneal stroma [58,59, 
65-67]. The suggestion that the glycosaminoglycan 
accumulations in MCD were the result of a mucoid 
degeneration of collagen [65] were soon refuted as 
new evidence favoured a cellular disorder 
[58, 59, 67]. 

In 1964 Klintworth & Vogel [58] proposed that 
MCD is a metabolic storage disease restricted to 
the cornea, and characterized by an intracellular 
and extracellular accumulation of glycosamino- 
glycans. They further postulated that the glycos- 
aminoglycan deposits form intracellularly and are 
stored prior to their expulsion into the extracellu- 
lar matrix. Later work supported their hypothesis, 
and the present-day histopathological diagnosis of 
MCD is based on the fact that the glycosamino- 
glycan deposits stain positively with Hale's col- 
loidal iron, alcian blue, periodic acid-Schiff and 
metachromic dyes [58, 65, 67-69]. 

A significant breakthrough in our appreciation 
of the pathogenesis of MCD occurred when studies 
of MCD corneas in organ culture taught us that, in 
addition to synthesizing markedly decreased levels 
of keratan sulphate, they synthesize an unusual 
glycoprotein not found in normal corneas [70-74]. 
This novel glycoprotein has an immunologically 
identical protein core to the keratan sulphate pro- 
teoglycan found in normal corneas, but is slightly 
smaller [71-73, 75]. In their respective corneas 
both molecules are synthesized in similar amounts 
[73]. Further studies revealed that the novel glyco- 
protein in MCD resembles a keratan sulphate 
proteoglycan whose glycosaminoglycan moieties 
are not sulphated [75, 76]. Since the onset of 
transparency in the embryonic chick cornea is 
concomitant with the initial production of sulph- 
ated keratan sulphate as opposed to the unsulph- 
ated form, which is produced earlier, it has been 
suggested that MCD may represent an error in 
development in which MCD patients synthesize an 
embryonic form of lumican [51]. 

Sulphated keratan sulphate can be identified in 
an enzyme-linked immunosorbent-inhibition assay 
(ELISA) which makes use of a monoclonal anti- 
body specific for a sulphated epitope common to 
both corneal and skeletal keratan sulphate [77]. In 
the mid-1980s studies employing the aforemen- 
tioned ELISA revealed that MCD patients whose 
corneas lacked sulphated keratan sulphate also 
possessed serum which was deficient in this 
molecule [77-79]. Since most of the keratan sul- 
phate-containing molecules present in serum are 
thought to be products of the degradation of 
proteoglycans in cartilage, the absence of sulph- 
ated keratan sulphate in serum from MCD patients 
whose cornea lacked this molecule suggested that 
their cartilage was also deficient in sulphated kera- 
tan sulphate; this contention which has now been 
supported by the direct analysis of a cartilage 
biopsy [56]. This work indicates that the pheno- 
typic expression of the basic defect in MCD is not 
restricted to cells in the cornea; however, unlike 
cornea, the lack of sulphated keratan sulphate in 
cartilage has no obvious symptomatic manifesta- 
tions. 

Efforts to identify the abnormal MCD keratan 
sulphate have largely overshadowed the biochem- 
ical characterization of decorin in MCD corneas. 
However, MCD corneal cells which do not synthe- 
sis sulphated keratan sulphate do synthesize more 
chondroitin 6-sulphate than normal [70], and the 
chondroitin/dermatan sulphate proteoglycans are 
larger than normal and oversulphated [75]. In 
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addition, there is some evidence which suggests 
that the chondroitin/dermatan sulphate glycos- 
aminoglycans may be incorporated into the extra- 
cellular deposits of abnormal keratan sulphate 
[751. 

Until about 6 years ago all the evidence sup- 
ported the type of MCD glycosaminoglycan syn- 
thesis pathway as outlined above, however in 1988 
a surprising heterogeneity in the immunochemical 
expression of keratan sulphate within a population 
of MCD patients was reported [80]. 

Heterogeneity of MCD 

As stated, up to 1988 the primary defect in MCD 
was assumed to occur in the synthetic pathway of 
the keratan sulphate-containing proteoglycans and 
was thought always to involve an incomplete glyco- 
saminoglycan sulphation process. However, our 
view of MCD changed when Yang et al. [80], in 
evaluating the levels of sulphated keratan sulphate 
in a population of MCD patients, discovered that 
the cornea and serum of some MCD patients 
contained normal keratan sulphate glycosaminogly- 
cans as identified immunochemically. Their finding 
was soon confirmed by other groups [81,82]. 
Thus, immunochemical criteria dictate that MCD 
patients fall into one of two main subgroups that 
are clinically indistinguishable. The cornea and 
serum of the majority of MCD patients contain no 
normally sulphated keratan sulphate and are de- 
signated as suffering from MCD type I (keratan 
sulphate negative) [80, 81]. Some MCD patients 
demonstrate immunochemically detectable, if re- 
duced, levels of sulphated keratan sulphate in their 
serum and cornea and are thus classified as MCD 
type II (keratan sulphate-positive) sufferers 
[80,81]. One study [81] has reported two MCD 
patients who lacked serum keratan sulphate but 
who had positive corneal immunostaining for kera- 
tan sulphate - a finding which suggests that further 
groupings may be necessary. However, the situ- 
ation is still somewhat unclear since an evaluation 
of almost 100 MCD patients by Klintworth [5] did 
not encounter such a case. 

Histopathology of MCD 

The underlying defect in the synthetic pathway of 
the MCD glycosaminoglycans, whatever its exact 
nature, seems ultimately to be responsible for the 
disruptions to the regular architecture of the cor- 

neal stroma, and hence the attenuated corneal 
clarity. The structural abnormalities exhibited by 
MCD stromas have been fairly well documented. 
Individual collagen fibrils appear well preserved, 
and, when positively stained using heavy metal 
salts in the transmission electron microscope, 
display a typical collagen banding pattern [55, 
57-59, 66-68, 83]. X-ray diffraction evidence sup- 
ports this finding by revealing that the axial elec- 
tron density of stromal collagen in MCD is not 
significantly different from normal [83]. 

The stromal keratocytes and endothelial cells 
often ~ontain fibrillogranular material contained in 
membrane-bound vacuoles [56, 57, 84, 85]. Morph- 
ologically similar structures are also observed 
within the extracellular stromal matrix [56,57, 
84, 85], where, presumably, they exist either as 
products extruded from cells or as remnants of cell 
death. Another striking feature of transmission 
electron microscope images of MCD stromas is the 
ubiquitous presence of small, electron-lucent, col- 
lagen-free lacunae [55, 59, 83, 84]. Such structures 
are also noted in the posterior non-banded region 
of Descemet's membrane, but not the anterior 
non-banded region which is present at birth [68, 
84, 85]. When MCD corneas are chemically fixed 
in the presence of cuprolinic blue, a cationic, 
copper-based stain specific for sulphated glycos- 
aminoglycans under certain conditions, such 
stromal [55, 83] and Descemet's (A. J. Quantock, 
unpublished observation) lacunae are often ob- 
served to contain congregations of abnormally 
large electron-dense filaments of various sizes. The 
posterior-most Descemet's lacunae tends to con- 
tain more electron-dense filaments than the more 
superficial Descemet's lacunae (A. J. Quantock, 
unpublished observation). In the stroma of a cu- 
prolinic blue-stained MCD type II cornea, elec- 
tron-dense filaments associate predominantly with 
the margins of extracellular fibrillogranular 
vacuoles [57] (Figure 2). Interestingly, regions of 
MCD stromas adjacent to abnormal proteoglycan 
deposits often exhibit 'pockets' of abnormally large 
collagen fibrils [57] (Figure 3). Such regions of 
abnormally sized collagen fibrils, which have also 
been documented in corneal mucopolysaccharid- 
osis type I-S (Scheie's syndrome), may well con- 
tribute to corneal opacification, and their prox- 
imity to the abnormal proteoglycan complexes is 
suggestive of a collagen diameter regulating role 
for stromal proteoglycans in both Scheie's syn- 
drome and MCD. 

Synchrotron X-ray diffraction work has revealed 
that the collagen intermolecular spacing in both 
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Figure2. The margins of extracelluiar fibrillogranular 
vacuoles in the anterior stroma of a macular corneal 
dystrophy type II patient are lined by abnormally large 
electron-dense proteoglycan filaments. Stained for sulph- 
ated proteoglycans with cuprolinic blue and for collagen 
with phosphotungstic acid and uranyl acetate. Bar = 
200 nm. (Reproduced with permission from ref. 57.) 

Figure 3. A region of the anterior stroma of a macular 
corneal dystrophy type II patient just posterior to a layer 
of extracellular fibrillogranular vacuoles which lie to the 
left of the image. The lamella viewed in cross-section 
clearly displays some electron-lucent lacunae and an 
abnormally large range of collagen fibril diameters which 
is more prevalent towards the left half of the lamella. 
Stained for sulphated proteoglycans with cuprolinic blue 
and for collagen with phosphotungstic acid and uranyl 
acetate. Bar = 200 nm. (Reproduced with permission 
from ref. 57.) 

MCD type I and MCD type II corneas increases 
with hydration from the dry state in a similar 
fashion to the intermolecular spacing of normal 
human corneal collagen [86]. In addition, a regular 
structure with a periodic repeat  in the region of 
0.46 nm was identified in the stroma of MCD type 

I and MCD type II corneas. Such a structure is not 
present in any other human corneas, either normal 
or pathologic [86]. The original supposition, that 
abnormal glycosaminoglycans or proteoglycans 
contained the unique 0.46 nm ultrastructure, was 
confirmed recently [87]. 

The identity of the abnormal proteoglycan fila- 
ments present in MCD type I and MCD type II 
has not been fully elucidated but, in the stroma at 
least, their susceptibility to chondroitinase ABC 
has shown them to possess a chondroit in/dermatan 
sulphate component  [83]; this, however,  may not 
be the sole component  of the abnormal MCD 
deposits. Some organ culture studies [75] have 
suggested that in MCD type I the chondroit in/  
dermatan sulphate proteoglycan is probably incor- 
porated into the extracellular deposits of unsulph- 
ated keratan sulphate. In addition, results from 
recent X-ray diffraction work are consistent with 
the interpretation that in MCD type I and MCD 
type II the chondroit in/dermatan sulphate-contain- 
ing deposits possess, or interact with, a lumican 
component  [87]. That  some form of hybrid macro- 
molecule (composed of abnormally sulphated 
chondroit in/dermatan sulphate and abnormally 
sulphated keratan sulphate, and displaying a uni- 
que 0.46 nm periodically [86, 87]) exists in MCD 
corneas [75, 87] is an intriguing concept which 
requires further study to confirm (or disprove) the 
presence of such a molecule and ascertain what 
form the interaction may take. 

Acknowledgement 

The author acknowledges the financial support of 
the Research to Prevent Blindness Inc, New York, 
USA. 

References 

1. Groenouw A. Kn6tchenf6mige Hornhauttriibungen. 
Arch Augenheilkd 1890: 21; 281-9. 

2. Fuchs E. Ueber kn6tchenf6mige Hornhauttrii- 
bungen, v Graefs Arch Ophthalmol 1902: 53; 
423 -38. 

3. Klintworth GK. Research into the pathogenesis of 
macular corneal dystrophy. Trans Ophthalmol Soc 
UK 1980: 100; 186-94. 

4. Klintworth GK. Macular corneal dystrophy: a local- 
ized disorder of mucopolysaccharide metabolism? 
Proc Clin Biol Res 1982: 82; 69-101. 

5. Klintworth GK. Disorders of glycosaminoglycans 

148 Glycosylation & Disease Vol 1 No 3 



Macular corneal dystrophy 

(mucopolysaccharides) and proteoglycans. In: Klint- 
worth GK, Garner A, eds. The Pathobiology of 
Ocular Disease: A Dynamic Approach. New York: 
Marcel Decker, 1994; 855-92. 

6. Jonasson F, Johannsson JH, Garner A, Rice NSC. 
Macular corneal dystrophy in Iceland. Eye 1989: 3; 
446-54. 

7. Faran MFA, Tabbara KF. Corneal dystrophies 
among patients undergoing keratoplasty in Saudi 
Arabia. Cornea 1991: 10; 13-16. 

8. Davson H. Physiology of the Eye, 5th edn. Oxford: 
Pergamon Press, 1990. 

9. Pepose JS, Ubels JL. The cornea. In: Hart WM, ed. 
Adler's Physiology of the Eye. St. Louis: Mosby- 
Year Book, 1992; 29-70. 

10. Maurice DM. The structure and transparency of the 
cornea. J Physiol 1957: 136; 263-86. 

11. Hart RW, Farrell RA. Light scattering in the cor- 
nea. J Opt Soc Am, 1969: 59; 766-74. 

12. Benedek GB. Theory of transparency of the eye. 
Appl Opt 1971: 10; 459-73. 

13. McCally RL, Farrell RA. Light scattering from 
cornea and corneal transparency. In: Masters BR, 
ed. Noninvasive Diagnostic Techniques in Ophthal- 
mology. New York: Springer, 1990; 189-210. 

14. Goldman JN, Benedek GB, Dohlman CH, Kravitt 
B. Structural alterations affecting transparency in 
swollen human corneas. Invest Ophthalmol 1968: 7; 
501-19. 

15. Quantock AJ, Meek KM, Fullwood NJ, Zabel RW. 
Scheie's syndrome: the architecture of corneal col- 
lagen and distribution of corneal proteoglycans. Can 
J Ophthalmol 1993: 28; 266-72. 

16. Meek KM, Leonard DW. Ultrastructure of the 
corneal stroma: a comparative study. Biophys J 
1993: 64; 273-80. 

17. Adachi E, Hayashi T. In vitro formation of hybrid 
fibrils of type V collagen and type I collagen. 
Limited growth of type I collagen into thick fibrils 
by type V collagen. Connect Tissue Res 1986: 14; 
257-66. 

18. Birk DE, Fitch JM, Babiarz JP, Doane KJ, Linsen- 
mayer TF. Collagen fibrillogenesis in vitro: inter- 
action of types I and V regulates fibril diameter. J 
Cell Sci 1990: 95; 649-57. 

19. Harding JJ, Crabbe MJC, Panjwani NA. Corneal 
collagen: a review. Colloques lnt Cent Natl Rech Sci 
1980: 287; 51-64. 

20. Borcherding MS, Blacik LJ, Sittig RA, Bizzell JU, 
Breen M, Weinstein HG. Proteoglycans and colla- 
gen fibre organization in human corneoscleral tissue. 
Exp Eye Res 1975: 21; 59-70. 

21. Vogel KG, Paulsson M, Heinegard D. Specific in- 
hibition of type I and type II collagen fibrillogenesis 
by the small proteoglycan of tendon. Biochem J 
1984: 223; 587-97. 

22. Vogel KG, Trotter JA. The effect of proteoglycans 
on the morphology of collagen fibrils formed in 
vitro. Coll Relat Res 1987: 7; 105-14. 

23. Scott JE. Proteoglycan-fibrillar collagen inter- 
actions. Biochem J 1988: 252; 313-23. 

24. Rada JA, Cornuet PK, Hassell JR. Regulation of 
corneal collagen fibrillogenesis in vitro by corneal 
proteoglycan (lumican and decorin) core protein. 
Exp Eye Res 1993: 56; 635-48. 

25. Hassell JR, Cintron C, Kublin C, Newsome DA. 
Proteoglycan changes during restoration of trans- 
parency in corneal scars. Arch Biochem Biophys 
1983: 222; 362-9. 

26. Hahn RA, Birk DE. fl-D xyloside alters dermatan 
sulfate proteoglycan synthesis and the organization 
of the developing avian corneal stroma. Dev Biol 
1992: 115; 383-93. 

27. Scott JE. Morphometry of Cupromeronic blue- 
stained proteoglycan molecules in animal corneas, 
versus that of purified proteoglycans stained in vitro, 
implies that tertiary structures contribute to corneal 
ultrastructure. J Anat 1992: 180; 155-64. 

28. Cho HI, Covington HI, Cintron C. Immunolocaliza- 
tion of type-VI collagen in developing and healing 
rabbit corneas. Invest Ophthalmol Vis Sci 1990: 31; 
1096-102. 

29. Marshall GE, Konstas AG, Lee WR. Immunogold 
fine structural localisation of extracellular matrix 
components in aged human cornea II. Collagen 
types V and VI. Graefe's Arch Clin Exp Ophthalmol 
1991: 229; 164-71. 

30. Underwood PA, Bennett FA, Mott MR, Strike P. 
Collagen-associated molecules in the cornea: local- 
isation with monoclonal antibodies. Exp Eye Res 
1994: 58; 139-53. 

31. Cintron C, Zahn Q, Burrows R. In situ hybridiza- 
tion of type XII collagen mRNA in healing rabbit 
corneas. Invest OphthaImoI Vis Sci (Suppl.) 1994: 
35; 1991. 

32. Meek KM, Elliott GF, Nave C. A synchrotron 
X-ray diffraction study of bovine cornea stained with 
Cupromeronic blue. Coll Rel Res 1986: 6; 203-18. 

33. Scott JE, Haigh M. Small proteoglycan collagen 
interactions. Keratan sulphate proteoglycan associ- 
ates with rabbit corneal collagen fibrils at the 'a' and 
'c' bands. Biosci Rep 1985: 5; 765-74. 

34. Poole AR. Proteoglycans in health and disease: 
structures and functions. Biochem J 1986: 236; 
1-14. 

35. Evered D, Whelan J. Functions of the Proteoglycans 
(Ciba Foundation Symposium). Chichester: John 
Wiley & Sons, 1986. 

36. Greiling H, Scott JE. Keratan Sulphate: Chemistry, 
Biology, Chemical Pathology. London: The Bio- 
chemical Society, 1989. 

37. Cintron C. The function of proteoglycans in normal 
and healing corne~. In: Beuerman RW, Crosson 
CE, Kaufman HE, eds. Healing Processes in the 
Cornea. Houston: Gulf Publishing, 1989; 99-110. 

38. Hardingham TE, Fosang AJ. Proteoglycans: many 
forms and many functions. FASEB J 1992: 6; 
861-70. 

Glycosylation & Disease Vol 1 No 3 149 



A. J. Quantock 

39. Bettelheim F, Goetz D. Distribution of hexosamines 
in bovine cornea. Invest Opthalmol 1976: 15; 301-4. 

40. Scott JE. The chemical morphology of keratan 
sulphate proteoglycans. In: Greiling H, Scott JE. 
eds. Keratan Sulphate: Chemistry, Biology, Chemical 
Pathology. London: The Biochemical Society, 1989; 
122-34. 

41. Scott JE, Haigh M. Keratan sulphate and the ultra- 
structure of cornea and cartilage: a stand-in for 
chondroitin sulphate in conditions of oxygen lack? 
J Anat 1988: 158; 95-108. 

42. Baulduini C, DeLuca G, Passi A, Rindi S, Salvini 
R, Scott JE. Effect of oxygen tension and lactate 
concentration on keratan sulphate and chondroitin 
sulphate biosynthesis in bovine cornea. Biochim 
Biophys Acta 1992: 1115; 187-91. 

43. Castoro JA, Bettelheim AA, Bettelheim, FA. Water 
gradients across bovine cornea. Invest Ophthalmol 
Vis Sci 1988: 29; 963-68. 

44. Funderburgh JL, Conrad GW. Isoforms of corneal 
keratan sulfate proteoglycan. J Biol Chem 1990: 
265; 8297-303. 

45. Jost CJ, Funderburgh JL, Mann M, Hassell JR, 
Conrad GW. Cell-free translation and characteriza- 
tion of corneal keratan sulfate proteoglycan core 
proteins. J Biol Chem 1991: 266; 13336-41. 

46. Blochberger TC, Vergnes J-P, Hempel J, Hassell 
JR. cDNA to chick lumican (corneal keratan sulfate 
proteoglycan) reveals homology to the small inter- 
stitial proteoglycan gene family and expression in 
muscle and intestine. J Biol Chem 1992: 267; 
347-52. 

47. Gregory JD, Coster L, Damle SP. Proteoglycans of 
rabbit corneal stroma. Isolation and partial charact- 
erization. J Biol Chem 1982: 257; 6965-70. 

48. Midura RJ, Hascall VC. Analysis of the proteogly- 
cans synthesized by corneal explants from embryonic 
chicken. II. Structural characterization of the kera- 
tan sulfate and dermatan sulfate proteoglycans from 
corneal stroma. J Biol Chem 1989: 264; 1423-30. 

49. Li W, Vergnes J-P, Cornuet PK, Hassell JR. cDNA 
clone to chick corneal chondroitin/dermatan sulfate 
proteoglycan reveals identity to decorin. Arch Bio- 
them Biophys 1992: 296; 190-7. 

50. Axelsson I, Heinegard D. Fractionation of proteo- 
glycans from bovine corneal stroma. Biochem J 
1975: 145; 491-500. 

51. Cornuet PK, Blochberger TC, Hassell JR. Mole- 
cular polymorphism of lumican during corneal 
development. Invest Ophthalmol Vis Sci 1994: 35; 
870-7. 

52. Scott PG, Winterbottom N, Dodd CM, Edwards E, 
Pearson CH. A role for disulphide bridges in the 
protein core in the interaction of proteodermatan 
sulphate and collagen. Biochem Biophys Res Comm 
1986: 138; 1348-54. 

53. Ehlers N, Bramsen T. Central thickness in corneal 
disorders. Acta Ophthalmol 1978: 56; 412-16. 

54. Donnenfeld ED, Cohen EJ, Ingraham HJ, et al. 
Corneal thinning in macular corneal dystrophy. Am 
J Ophthalmol 1986: 101; 112-13. 

55. Quantock AJ, Meek KM, Ridgway AEA, Bron AJ, 
Thonar EJ-MA. Macular corneal dystrophy: reduc- 
tion in both corneal thickness and collagen inter- 
fibrillar spacing. Curr Eye Res 1990: 9; 393-98. 

56. Edward DP, Thonar EJ-MA, Srinivasan M, Yue 
BYTJ, Tso MOM. Macular dystrophy of the cornea. 
A systemic disorder of keratan sulfate metabolism. 
Ophthalmology 1990: 97; 1194-1200. 

57. Quantock AJ, Meek KM, Thonar EJ-MA, Assil 
KK. Synchrotron X-ray diffraction in atypical macu- 
lar corneal dystrophy. Eye 1993: 7; 779-84. 

58. Klintworth GK, Vogel FS. Macular corneal dystro- 
phy: an inherited acid mucopolysaccharide storage 
disease of the corneal fibroblast. Am J Pathol 1964: 
45; 565-86. 

59. Morgan G. Macular dystrophy of the cornea. Br J 
Ophthalmol 1966: 50; 57-67. 

60. Lorenzetti DWC, Kaufman HE. Macular and lattice 
dystrophies and their recurrences after keratoplasty. 
Trans Am Acad Ophth Otol 1976: 71; 112-18. 

61. Robin AL, Green WR, Lapsa TP, Hoover RE, 
Kelley JS. Recurrence of macular corneal dystrophy 
after lamellar keratoplasty. Am J Ophthalmol 1977: 
84; 457-61. 

62. Newsome DA, Hassell JR, Rodrigues MM, Rahe 
AE, Krachmer JH. Biochemical and histological 
analysis of 'recurrent' macular corneal dystrophy. 
Arch Ophthalmol 1982: 100; 1125-31. 

63. Klintworth GK, Reed J, Stainer GA, Binder PS. 
Recurrence of macular corneal dystrophy within 
grafts. Am J Ophthalmol 1983: 95; 60-72. 

64. Akova YA, Kirkness CM, McCartney ACE, Ficker 
LA, Rice NSC, Steele ADM. Recurrent macular 
corneal dystrophy following penetrating kerato- 
plasty. Eye 1990: 4; 698-705. 

65. Jones ST, Zimmermann LE. Histopathologic dif- 
ferentiation of granular, macular and lattice dystro- 
phies of the cornea. Am J Ophthalmol 1961: 51; 
394-410. 

66. Teng CC. Macular dystrophy of the cornea. Am J 
Ophthalmol 1966: 62; 436-54. 

67. Garner A. Histochemistry of corneal macular dys- 
trophy. Invest Ophthalmol 1969: 8; 475-83. 

68. Ghosh M, McCulloch C. Macular corneal dystrophy. 
Can J Ophthalmol 1973: 8; 515-26. 

69. Frangois J, Hanssens M, Teuchy H, Sebruyns M. 
Ultrastructural findings in corneal macular dystrophy 
(Groenouw II type). Ophthalmic Res 1975: 1; 
80-98. 

70. Klintworth GK, Smith CF. Macular corneal dys- 
trophy: studies of sulfated glycosaminoglycans in 
corneal explant and confluent stromal cell cultures. 
Am J Pathol 1977: 89; 167-82. 

71. Klintworth GK, Smith CF. Abnormal product of 
corneal explants from patients with macular corneal 
dystrophy. Am J Pathol 1980: 101; 143-57. 

72. Hassell JR, Newsome DA, Krachmer JH, Rodrigues 
M. Macular corneal dystrophy: failure to synthesize 
a mature keratan sulfate proteoglycan. Proc Natl 
Acad Sci USA 1980: 77; 3705-9. 

150 Glycosylation & Disease Vol 1 No 3 



Macular corneal dystrophy 

73. Hassell JR, Newsome DA, Nakazawa K, Rodrigues 
M, Krachmer JH. Defective conversion of a glyco- 
protein precursor to keratan sulfate proteoglycan in 
macular corneal dystrophy. In: Hacks S, Wang J, 
eds. Extracellular Matrix. New York: Academic 
Press, 1982; 397-406. 

74. Klintworth GK, Smith CF. Abnormalities of proteo- 
glycans synthesized by corneal organ cultures der- 
ived from patients with macular corneal dystrophy. 
Lab Invest 1983: 48; 603-12. 

75. Nakazawa K, Hassell JR, Hascall VC, et al. Defect- 
ive processing of keratan sulfate in macular corneal 
dystrophy. J Biol Chem 1984: 259; 13751-7. 

76. Hassell JR, Hascall VC, Ledbetter S, et al. Corneal 
proteoglycan biosynthesis and macular corneal dys- 
trophy. In: Sheffield JB, Hiller SR, eds. Cell and 
Developmental Biology of the Eye. Heredity and 
Visual Development. New York: Springer, 1984; 
101. 

77. Thonar EJ-MA, Lenz ME, Klintworth GK, et al. 
Quantification of keratan sulfate in blood as a 
marker of cartilage catabolism. Arthritis Rheum 
1985: 28; 1367-76. 

78. Thonar EJ-MA, Meyer RF, Dennis RF, et al. Ab- 
sence of normal keratan sulfate in the blood of 
patients with macular corneal dystrophy. Am J Oph- 
thalmol 1986: 102; 561-69. 

79. Klintworth GK, Meyer R, Dennis R, et al. Macular 
corneal dystrophy: Lack of keratan sulfate in the 
serum and cornea. Ophthalmic Paediatr Gen 1986: 
7; 139-43. 

80. Yang CJ, SundarRaj N, Thonar EJ-MA, Klintworth 
GK. Immunohistochemical evidence of heterogene- 

ity in macular corneal dystrophy. Am J Ophthalmol 
1988: 106; 65-71. 

81. Edward DP, Yue BYJT, Sugar J, et al. Heterogene- 
ity in macular corneal dystrophy. Arch Ophthalmol 
1988: 106; 1579-83. 

82. Funderburgh JL, Funderburgh ML, Rodrigues MM, 
Krachmer JH, Conrad GW. Altered antigenicity of 
keratan sulfate proteoglycan in selected corneal dis- 
eases. Invest Ophthalmol Vis Sci 1990: 31; 419-28. 

83. Meek KM, Quantock AJ, Elliott GF, et al. Macular 
corneal dystrophy: the macromolecular structure of 
the stroma observed using electron microscopy and 
synchrotron X-ray diffraction. Exp Eye Res 1989: 
49; 941-58. 

84. Klintworth GK, McCracken JS. Corneal diseases. 
In: Johannessen JV, ed. Electron Microscopy in 
Human Medicine. Vol. 6. New York: McGraw-Hill, 
1979; 237-66. 

85. Snip RC, Kenyon KR, Green WR. Macular corneal 
dystrophy: ultrastructural pathology of corneal endo- 
thelium and Descemet's membrane. Invest Ophthal- 
tool 1973: 12; 88-97. 

86. Quantock AJ, Meek KM, Thonar EJ-MA. Analysis 
of high-angle X-ray diffraction patterns obtained 
from macular dystrophy corneas. Cornea 1992: 11; 
185-90. 

87. Quantock AJ, Klintworth GK, Thonar EJ-MA. 
(1994) The unique 4.6/k ukrastructure in macular 
dystrophy corneas may reside in hybrid proteoglycan 
macromolecules: synchrotron X-ray diffraction evi- 
dence. Exp Eye Res 1994, in press. 

(Received 21 July 1994; accepted 3 August 1994) 

Glycosylation & Disease Vol 1 No 3 151 


