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SUMMARY 

We investigated an individual macular corneal 
dystrophy (MCD) type II cornea from a 42-year-old 
woman with markedly reduced antigenic keratan 
sulphate levels. A characteristic 4.6 A X-ray reflection 
was evident, and the mid-stroma contained 30% less 
sulphur than normal. Close packing of collagen was 
restricted to the superficial stroma. Abnormally large 
proteogly�an filaments were noted throughout the 
extracellular matrix and Descemet's membrane's pos
terior non-banded zone, but not its anterior banded 
zone. Small, collagen-associated stromal proteoglycans 
were susceptible to digestion with chondroitinase ABC, 
but not keratanase I or N-glycanase. On occasion, 
collagen fibrils ranged in size from 20 nm to 58 nm, with 
preferential diameters of 34 nm and 42 nm. Corneal 
guttae were evident, as were numerous endothelial 
inclusions, most probably due to intracellular fibrillo
granular vacuoles similar to those found in the stroma. 
The endothelium expressed reduced anti-keratan 
sulphate labelling. 

Macular corneal dystrophy (MCD) is an autosomal 
recessive disorder, clinically typified by stromal 
clouding and the presence of small, scattered 
opacities in the central superficial cornea.1,2 The 
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fundamental metabolic defect in MCD seems to be 
an abnormal synthesis of corneal glycosaminoglycans 
- a process that is thought to contribute to the 
progressive corneal opacification?�l0 

lmmunochemical data reveal that MCD is a 
heterogeneous conditionll�13 in which the cornea, 
cartilage and serum in MCD type I patients all 
contain an unsulphated form of keratan sulphate; 
these tissues in MCD type II patients, on the other 
hand, contain normally sulphated keratan sulphate. 
It is interesting to note that this immunochemical 
distinction is not evident in the patient's clinical 
presentation. 

Early electron microscopical work on MCD 
established much of what we now know regarding 
the histopathology of this condition.14�18 More recent 
histological studies have concerned themselves with 
establishing the systemic extent of MCD,19 and 
identifying and locating more Rrecisely the abnormal 
glycosaminoglycan deposits20�22 that are known to 
accumulate in the corneal stroma in MCD.14 

Over the years many studies of MCD corneas have 
employed different techniques on different speci
mens. Here we report, using a single MCD cornea, 
immunochemical, synchroton X-ray diffraction, elec
tron microscopic immunohistochemical, energy dis
persive X-ray microanalysis and electron microscopic 
histochemical findings. Furthermore, the cornea 
under investigation may be a member of a new 
subgroup within the MCD type II population, since 
antigenic keratan sulphate is present in the patient's 
serum and cornea, although only at levels not 
previously recorded. 

Report of a Case 

A 40-year-old woman complained of blurred vision 
and sensitivity to light in both eyes. She noted that 
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her symptoms had become progressively worse over 
the previous 2 years. Her past medical history was 
unremarkable and she denied any family history of 
any significant medical or ocular problems. Best 
corrected visual acuity was 20/200 in her left eye and 
20/60 in her right. Slit-lamp examination was 
significant for diffuse haze with a ground-glass 
appearance and superficial-to-anterior grey-white 
pleomorphic opacities with indistinct edges. The 
opacities were diffusely distributed but were more 
prominent centrally. No epithelial erosions were 
evident and the stroma appeared thin and compact. 
Corneal tissue from the left eye of this patient was 
obtained for examination at the time of phakic 
penetrating keratoplasty. 

Routine histopathological investigation confirmed 
the diagnosis of MCD. The corneal epithelium was 
regular, with Bowman's layer focally disrupted by a 
deposit of pale, finely granular material. Similar 
material was also evident in the stroma, where it was 
variably periodic acid-Schiff positive, but did not 
stain with trichrome stains. Alcian blue stain for acid 
mucopolysaccharide was positive. 

MATERIALS AND METHODS 

Immediately following removal of the 8-mm
diameter corneal button, several segments were 
excised and processed for routine histopathology, 
electron microscopic immunohistochemistry, energy 
dispersive X-ray microanalysis, and electron micro
scopic histochemistry. The remainder of the tissue 
was frozen and stored for the synchrotron X-ray 
diffraction experiments, immunochemical evaluation 
and enzyme digestions prior to electron microscopic 
histochemistry. 

Synchrotron X-ray Diffraction 

Synchrotron X-ray diffraction patterns were 
obtained on beamline X12 (1\ = 0.949 A) at the 
National Synchrotron Light Source, Brookhaven 
National Laboratory, USA,23 using a specimen-to
detector distance of 350 mm and an exposure time of 
5 minutes. The MCD corneal portion was thawed, 
placed between two Mylar windows in a specially 
constructed cell holder and exposed to the X-ray 
beam. A cornea from a 78-year-old with no history of 
ocular problems was treated identically. 

Immunochemical Evaluation 

The frozen MCD corneal specimen was thawed and 
solubilised by treatment with papain at 60 °C. The 
concentration of antigenic keratan sulphate was then 
measured by a previously described enzyme-linked 
immunosorbent assay (ELISA) which uses the 
1I20/5-D-4 monoclonal antibody specific for a highly 
sulphated epitope on keratan sulphate chains?4 The 
concentration of total glycosaminoglycans in the 
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digest was measured by the dimethylmethylene 
blue method.25 The concentration of collagen in the 
papain digest was measured by a colorimetric assay, 
as described previously?6 Serum from our patient 
was also analysed for antigenic keratan sulphate. 

Energy-Dispersive X-ray microanalysis 

Several slices (100-200 fLm thick) were cut through 
the corneal stroma of the MCD specimen and a 
normal cornea. These sections were mounted with 
carbon cement onto aluminium stubs, air-dried and 
coated with approximately 40 nm of aluminium by 
evaporation from a tungsten filament at a vacuum of 
5 x 10-5 torr (7 X 10-3 kPa). MCD and normal 
specimens were mounted on the same stub, coated 
with aluminium and analysed in a lEOL 840a 
scanning electron microscope with an 860 Series II 
Link microanalysis system and a Link systems 
energy -dispersive detector (detector area = 30 mm2, 
8 fLm thick beryllium window). During the analysis 
the following conditions were used: accelerating 
voltage 15 kV, probe current 0.5 nA, working 
distance 34 mm, X-ray detector working distance 25 
mm, analysis area 400 fLm2, pre-set livetime 100 
seconds, take-off angle 45°. Fourteen mid-stromal 
areas were analysed from each sample. Since MCD 
and normal specimens were mounted side by side 
and coated in tandem, counts from the aluminium 
coating were used as an internal standard. 

Electron Microscopic Immunohistochemistry 

Immediately following surgery, portions of the MCD 
cornea were fixed for 48 hours at room temperature 
in 4% paraformaldehyde, 0.1 % glutaraldehyde in 
phosphate-buffered-saline (PBS) buffer. Portions of 
a normal cornea - post-mortem from a 67-year-old 
donor with no history of ocular problems - were 
treated identically. Labelling was carried out on the 
normal and MCD corneas simultaneously. Following 
fixation the samples were thoroughly washed in PBS 
buffer and incubated at room temperature with 
undiluted, normal goat serum for 20 minutes. The 
goat serum was removed and the corneal endothe
lium incubated for 2 hours at room temperature with 
the primary antibody (5-D-4; ICN Biochemicals, 
UK) that recognises a highly sulphated region of the 
keratan sulphate chain (1:100 dilution in PBS buffer, 
pH 7.4, containing 1 % bovine serum albumin (BSA) 
and 1 % Tween 20). This incubation was followed by 
a 30 minute wash under agitation in three changes of 
the buffer. To visualise the primary antibody, 
samples were incubated in goat anti-mouse IgG 
conjugated to 5 nm gold particles (British Biocell 
International, UK) for 2 hours at a dilution of 1 : 100 
in PBS, pH 8.5, containing 0.5% BSA, 0.5% normal 
goat serum, 1 % sodium chloride, 1 % fish gelatin and 
1 % Tween 20. This secondary incubation was 
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followed by at least three 30 minute washes in the 
buffer and five 5 minute washes in distilled water. 
For controls the 5-D-4 antibody was replaced by an 
equivalent concentration of mouse ascites fluid 
(Sigma, UK). 

The immunolabelled corneal samples were silver 
enhanced (using a kit from British Biocell Interna
tional, UK) for 5-10 minutes at room temperature 
and washed in distilled water. They were then post
fixed in 2% glutaraldehyde, dehydrated through a 
graded alcohol series to 100% ethanol and air-dried 
before being mounted, endothelial side up, and 
sputter-coated with gold. The specimens were 
examined at 15 kV in a JEOL 840a scanning electron 
mIcroscope. 

Enzyme Digestions Prior To Electron Microscopic 
Histochemistry 

Three small, full-thickness corneal portions 
(=1 mm2) were dissected from the centre of the 
frozen portion of the MCD cornea, thawed and 
lightly fixed for 25 minutes at 4°C in 2.5% formalin 
in a 25 mM sodium acetate buffer. Following a brief 
wash in the enzyme buffer the specimens were 
digested with either chondroitinase ABC (2.5 units/ 
ml) (Sigma, St Louis, MO), n-glycanase (5 units/ml) 
(Genzyme, Cambridge, MA) or keratanase I (endo
�-galactosidase from Pseudomonas; 1 unit/ml) 
(Sigma, St Louis, MO). The corneal specimens 
were incubated for 5 hours at 40°C in the respective 
enzymes in a Tris (0.25 M) buffer containing 0.5 mg/ 
ml BSA, 0.33 M sodium acetate, 0.5 M sodium 
chloride, 0.01 % type II-S soybean trypsin inhibitor, 5 
mM acid-free EDTA and 2.5 mM benzamidine, pH 
8.0.z° Following enzyme incubation and three 5 
minute washes in the Tris buffer the specimens 
were processed for electron microscopic histochem
istry as outlined below. 

Electron Microscopic Histochemistry 

Immediately following surgery (and following 
enzyme incubations) MCD corneal tissue was fixed, 
stained for proteoglycans with Cuprolinic blue, 
dehydrated and embedded as described 
previously.2o,27 Ultrathin sections (silver/gold) were 
positively stained for collagen with 1 % aqueous 
phosphotungstic acid followed by 2 % aqueous uranyl 
acetate, and examined in a JEOL 1200EX micro
scope (JEOL, Peabody, MA) calibrated with a 2160 
lines/mm grating replica. The diameter distribution 
of collagen fibrils (n = 800) within 1 fLm of a deposit 
of fibrillogranular vacuoles was quantified by mea
suring 100 fibrils on eight separate micrographs taken 
at a magnification setting of x50 000. 

RESULTS 
Synchrotron X-ray Diffraction 
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The high-angle synchrotron X-ray diffraction pattern 
from our patient's MCD cornea, like patterns from 
the normal human cornea, contained a 2.9 A 
collagen meridional reflection, a diffuse reflection 
due to water scatter, a reflection from the Mylar 
windows of the cell holder, and a reflection that 
arises due to the fairly regular, parallel arrangement 
of the collagen molecules that constitute the stromal 
collagen fibrils. In addition, the synchrotron X-ray 
diffraction pattern from the MCD cornea contained a 
sharp, intense reflection due to a periodic repeat of 
4.6A that was not present on the pattern from the 
normal human cornea. 

lmmunochemical Evaluation 

Sulphated keratan sulphate was detected in our 
patient's cornea and serum, although at levels well 
below normal. The content of corneal keratan 
sulphate (as a percentage of collagen + total 
proteoglycan) was 0.34 % compared with 3.58 % 
from a normal human cornea analysed in the same 
experiment. Similarly, our patient's serum keratan 
sulphate level of 19 ng/ml was well below the 
published values of 251 ± 78 ng/ml28 and 268 ± 133 
ng/mt29 for normal adult populations, and is the 
lowest value ever recorded by one of us (E.J.
M.A.T.)  in an analysis of over 1000 sera from 
individuals without MCD type I (data not shown). 

Energy-Dispersive X-ray Microanalysis 

Sulphur was the only element detected in significant 
quantities in both the normal and MCD corneal 
specimens. Sodium, phosphorus and calcium were all 
present, but only at concentrations near the detection 
limit of the X-ray microanalysis system. The MCD 
specimen had, on average, 30% fewer X-ray counts 
for sulphur than were obtained from the normal 
corneal sample. Statistical analysis revealed that this 
difference was highly significant (p<0.0001). 

Histochemistry and Immunohistochemistry 

The general appearance of the cornea was in many 
ways consistent with the classic MCD histopathology. 
Several features, however, warrant attention. 

The close packing of normal-diameter collagen 
fibrils was marked, and restricted to a region of the 
superficial stroma between about 20-40% depth 
(Fig. 1). Above and below this, localised regions of 
the collagen matrix were in disarray (Fig. 2). 
Abnormally large, Cuprolinic-blue-stained proteo
glycan filaments were present in the MCD stroma, 
where they were often associated with localised 
fibrillar disruptions (Fig. 2). They were also present 
within deposits of fibrillogranular vacuoles, where 
they generally existed at the peripheries of individual 
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fibrillogranular vacuoles (Fig. 3). Previous work with 
MCD has indicated that this type of large, 
Cuprolinic-blue-stained filament contains a chondroi
tin sulphate/dermatan sulphate component;20,21 how
ever, in the present case such filaments proved 
resistant to incubation with keratanase I, N-glycan
ase and chondroitinase ABC. Electron-lucent 
lacunae were evident throughout our patient's 
stroma (Fig. 4) and, occasionally, we observed 
several strands of amorphous material that pro
truded into the collagen matrix from a characteristic 

Fig. 1. Close packing of collagen fibrils in the superficial 
cornea between approximately 20% and 40% of the stromal 
depth. Scale bar represents 100 nm. 

Fig. 3. A characteristic MCD deposit of fibrillogranular 
vacuoles with abnormally large proteoglycan filaments 
(arrow) associated with the peripheries of individual 
vacuoles (V). The collagen fibrils in close proximity to 
both sides of this deposit are clearly larger than the more 
distant fibrils. Scale bar represents 500 nm. 
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deposit of fibrillogranular MCD vacuoles; the outline 
of these strands was somewhat reminiscent of the 
outline of cellular processes (Fig. 4). 

Away from the disrupted regions of the tissue, 
much of the stromal architecture was fairly unre
markable, although often the association of orthogo
nal proteoglycans with the collagen fibrils was 
observed to be more periodic than is common in a 
normal human stroma (Fig. 4). These 'small' stromal 
proteoglycans remained in the tissue following 
digestion with keratanase I and N-glycanase, but 

Fig. 2. A localised region of the macular corneal 
dystrophy (MCD) stroma where the fibrillar organisation 
of the stroma is in disarray and some large proteoglycan 
filaments are evident (arrowhead) . Scale bar represents 
200nm. 

Fig. 4. A characteristic MCD deposit of fibrillogranular 
vacuoles with appendages of amorphous material that 
resemble cellular processes. The stromal proteoglycans in 
the surrounding tissue often display an unusually periodic 
association with the stromal collagen (arrowhead) . Scale 
bar represents 1 j.Lm. 
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Fig. 5. Relatively undisturbed regions of the MCD stromal 
matrix without enzyme treatment (a), and following incubation 
of the tissue with (b) keratanase I, (c) N-glycanase and (d) 
chondroitinase ABC. The virtual absence of stromal proteo
glycans following chondroitinase ABC digestion indicates that 
they contained chondroitinldermatan sulphate side chains. 
Scale bar represents 200 nm. 
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Fibril Diameters (om) 

Fig. 6. The frequency distribution of collagen fibril 
diameters in a region of the tissue adjacent to a deposit of 
fibrillogranular vacuoles such as that observed in Fig. 3. 
The corresponding value for collagen fibrils in normal 
human corneas is 26.0 nm (SD ± 2.4 mm).34 

were virtually absent following the cornea's incuba
tion with chondroitinase ABC (Fig. 5). 

In many areas of the tissue adjacent to fibrillo
granular deposits a remarkable variation in the 
diameter of the collagen fibrils was evident (Fig. 3). 
When quantified, the diameters of the collagen fibrils 
(n = 800) within 1 f.1m of a deposit of fibrillogranular 
vacuoles were found to range from 20 nm to 58 nm. 
The graphical representation of these data (Fig. 6) 
suggested a bimodal frequency distribution with 
relatively large numbers of collagen fibrils tending 
to have diameters of 34 nm and 42 nm. 

The surface topography of the posterior face of 
Descemet's membrane in the MCD cornea was 
porous, with numerous 100-500 nm diameter holes 
visible over its surface (Fig. 7). This was in stark 
contrast to the featureless morphology of the corre
sponding area of the normal Descemet's membrane 
(Fig. 7). Furthermore, when a cross-section of 
Descemet's membrane from the MCD cornea was 
examined, holes or pores similar to those observed on 
the posterior face of Descemet's membrane could be 
seen to persist deep into the membrane, but not to the 
stromal boundary (Fig. 8). Examination of an 
identically prepared sample of Descemet's membrane 
from normal human cornea confirmed that such holes 
are not a normal feature of the membrane (Fig. 8). 

Transmission electron microscopical images of the 
posterior MCD cornea (Fig. 9) revealed that the 
pores in the posterior portion of Descemet's mem
brane that were evident on scanning electron 
microscopic examination contained Cuprolinic-blue
stained proteoglycan filaments similar to the large 
ones seen in the stroma. These macromolecules were 
resistant to digestion with keratanase I, N-glycanase 
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Fig. 7. The exposed endothelial face of Descemet's membrane from (a) a normal human cornea and (b) our MCD patient's 
cornea. At this magnification the posterior face of Descemet's membrane from the normal cornea appears featureless apart 
from some surface debris. On the other hand, the exposed surface of Descemet's membrane from the M CD cornea is covered 
by numerous holes or pores. Magnification xlO 000. 

Fig. 8. An oblique cross-section through Descemet's membrane from (a) a normal human cornea and (b) our MCD patient's 
cornea. The most posterior region of the corneal stroma is also visible. The ultrastructure of Descemet's membrane in the 
MCD case is clearly abnormal, with the pores (arrowed) in Descemet's membrane confined to its posterior portion. S, stroma; 
D, Descemet's membrane. Magnification x 7000. 
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Fig. 9. Electron-lucent lacunae are visible in the posterior 
MCD stroma, as is a deposit of fibrillogranular vacuoles/ 
large proteoglycan filaments. The morphology of Desce
met's membrane's anterior banded zone is unremarkable 
(asterisk) . The pores in the posterior non-banded zone of 
Descemet's membrane are seen to contain large sulphated 
proteoglycan filaments similar to those observed in the 
stroma (arrowheads) . This micrograph is of the MCD tissue 
following incubation in N-glycanase. The features described 
are identical to those observed in the MCD tissue without 
enzyme incubation or following keratanase I or chondroi
tinase ABC incubation (data not shown). D, Descemet's 
membrane; S, stroma. Scale bar represents 1 jLm. 

Fig. 10. The apical surface of (a) normal and (b) MCD corneal endothelial cells immunolabelled for keratan sulphate. The 
silver-enhanced gold label is visible as bright dots. The surfaces of the normal endothelial cells are completely covered by the 
label, and the distribution of the label appears even over the surface of individual cells. The amount of labelling is much lower 
on the endothelium of the MCD cornea. Furthermore, the morphology of the MCD endothelial cells appears abnormal, with 
the outline of numerous cellular inclusions visible (arrowhead). Magnification x3000. 

and chondroitinase ABC. Also, corneal guttae were 
present and fibrillogranular vacuoles - several 
hundred nanometres across and similar to those 
observed in the stroma - were often present, either 
individually or in groups, in the endothelial cells 
(data not shown). 

The endothelial cells from the MCD cornea, when 
viewed on the scanning electron microscope, had a 
wider range of cell sizes than is usual for normal 
corneal specimens imaged by the same method (Fig. 
10). When the surface of individual MCD endothelial 
cells was examined, the outline of numerous large 
cellular inclusions could be resolved. These inclu-

sions ranged in size from 100 nm to 1000 nm across; 
they were evident in many, but not all, of the 
endothelial cells from the MCD cornea, but in none 
of the cells in the normal cornea (Fig. 10). In the 
normal human cornea keratan sulphate labelling was 
ubiquitous over the surface of the endothelium (Fig. 
10). In addition, although labelling over the surface 
of individual endothelial cells was invariably homo
geneous, the amount of labelling varied considerably 
between different cells in the same specimen. In 
contrast, the MCD endothelium exhibited relatively 
low levels of labelling for antigenic keratan sulphate 
(Fig. 10). 
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DISCUSSION 

The work of Thonar, Klintworth and colleagues2829 
makes it clear that our MCD type II patient's serum 
keratan sulphate level of 19 ng/ml is remarkably low 
(lower than any level recorded in over 1000 non
MCD type I patients by E.J.-M.A.T.) as is the 
amount of sulphated keratan sulfate in her cornea 
(0.34% keratan sulphate as opposed to 3.58% 
keratan sulphate in a normal cornea measured as a 
percentage of collagen + total proteoglycan). Nor
mally, the cornea and serum of MCD type I patients 
contain sulphated keratan sulphate at levels below 
the detection limit of the ELISA (approximately 
3 ng/ml). MCD type II patients, on the other hand, 
generally possess levels of serum and corneal keratan 
sulphate that are within the range for normal 
individuals. Thus, the finding of a MCD type II 
patient with dramatically reduced, but detectable, 
amounts of sulphated keratan sulphate in her serum 
and cornea raises some interesting questions regard
ing the current classification of MCD. It seems that, 
based on immunochemical findings, a heterogeneity 
may exist within the MCD type II subgroup. Also, 
since most of the antigenic keratan sulphate in serum 
is derived from cartilage, the present correlation 
between the levels of antigenic keratan sulphate in 
our patient's cornea and serum lends support to the 
idea19 that the abnormality in the sulphation of 
keratan is systemic. 

In recent years we have observed a 4.6 A reflection 
on synchrotron X-ray diffraction patterns from 11 
different MCD corneas from different pedigrees, and 
we know that both MCD type I corneas and MCD 
type II corneas with normal levels of antigenic 
keratan sulphate are able to produce the 4.6 A 
X-ray reflection?O.3 1 To date no other human cornea 
- normal or pathologic - has been studied that 
contains a periodic 4.6 A ultrastructure that gives rise 
to a high-angle synchrotron X-ray reflection.21.30,32-34  
We have now observed the 4.6 A MCD reflection on 
X-ray diffraction patterns obtained from MCD type 
II patients with serum keratan sulphate levels as 
disparate as 390 ng/me2 and 19 ng/ml (present 
study), indicating that the levels of sulphated keratan 
sulphate in MCD type II corneas do not influence the 
appearance of the 4.6 A reflection. 

Recent work suggests that, in MCD type I and II 
corneas, the abnormal sulphation pattern of both the 
keratan sulphate glycosaminoglycans and the chon
droitin/dermatan sulphate glycosaminoglycans 
underlies the appearance of the 4.6 A X-ray 
reflection?l This contention has found some indirect 
support in the recent discovery of a 4.6 A X-ray 
reflection in scarred rabbit corneas.35 Apart from 
MCD corneas, these are the only other types of 
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cornea known to give rise to a 4.6 A X-ray reflection; 
they also possess an abnormally sulphated proteo
glycan population?6 

Energy-dispersive X-ray microanalysis indicates 
that the mid-stroma of our MCD patient's cornea 
contains low levels of sulphur. This finding is 
consistent with the decreased sulphation of the 
keratan chains as documented by our immunochem
ical studies; we do not know, however, whether the 
low levels of antigenic keratan sulphate are reflective 
of the decreased sulphation of all keratan chains or 
the total lack of sulphation of some of the keratan 
chains and the normal sulphation of others. Never
theless, these data do make it clear that, in this 
particular patient, any oversulphation of the chon
droitin/dermatan sulphate glycosaminoglycans that 
might occur is not sufficient to compensate for the 
low sulphation of the keratan chains. 

Our previous low-angle synchrotron X-ray diffrac
tion experiments on MCD type I cornea near 
physiological hydration21 taught us that the average 
spacing of normal diameter collagen fibrils in the 
bulk of the stroma is approximately 22 % lower than 
normaL On the face of it, a reduction in the 
interfibrillar collagen spacing of this extent, if it 
were uniform, would seem to account for the clinical 
observation that MCD corneas of undetermined 
subtype are typically 20% thinner than normaL37.38 
However, in the present case our patient's cornea 
contains a region of the tissue (between about 20% 
and 40% of the stromal depth) where the collagen 
fibrils are highly compacted (Fig. 1). This indicates 
that the close packing of collagen in MCD not only 
varies as a function of the lateral position within the 
stroma?1 but also can be heterogeneous with respect 
to stromal depth. 

The abnormally-large, Cuprolinic-blue-stained 
proteoglycan filaments throughout the extracellular 
matrix and at the peripheries of extracellular 
fibrillogranular vacuoles in our patient's cornea 
were not digested by: (i) keratanase I, an endo
enzyme that releases the keratan sulphate chains 
from the core protein and degrades the less highly 
sulphated regions of corneal keratan sulphate into 
small oligosaccharides, (ii) N-glycanase, an enzyme 
that cleaves asparagine-linked carbohydrate chains 
at [3-aspartylglycosylamine bonds and thus releases 
otherwise intact keratan sulphate chains from the 
core protein to which they are covalently bound, or 
(iii) chondroitinase ABC, an enzyme that degrades 
chondroitin sulphate/dermatan sulphate chains into 
their constituent disaccharides. Previous studies2o.21 
indicated that most of the large proteoglycan 
filaments were removed from the stroma of MCD 
corneas by incubation with chondroitinase ABC, and 
thus were assumed to contain a chondroitin sulphate/ 
dermatan sulphate component that was accessible to 
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the enzyme. It is not clear why, in this case, the large 
proteoglycans were not digested by the aforemen
tioned enzymes, although it is worth considering the 
possibility that it may have been because the large 
proteoglycan filaments that we observe are formed 
by an interaction between chondroitin sulphate/ 
dermatan sulphate glycosaminoglycans and keratan 
sulphate glycosaminoglycans that some authorslO.31 
believe is possible. Such an interaction could well 
render suitable enzyme cleavage sites inaccessible. 

Even though the stromal disruptions in this MCD 
cornea were extensive, several localised areas of 
structurally normal stroma were evident. The stromal 
proteoglycans in many of these areas, however, 
appeared to associate with the collagen fibrils in a 
periodic manner (Fig. 4) more akin to bullous 
keratopathy specimens than normal human cornea?9 
Because different proteoglycans possess the ability to 
bind to specific but different locations in the collagen 
D-period repeat40 - keratan sulphate at the 'a' and 'c' 
staining bands, and chondroitin sulphate/dermatan 
sulphate at the 'die' staining bands - a periodic 
distribution of proteoglycans along extended dis
tances is rarely seen with a mix of collagen-associated 
proteoglycans. Our suspicion that keratan sulphate 
proteoglycans were lacking in this case was con
firmed by the enzyme digestions (Fig. 5); these 
indicated that the small, collagen-associated proteo
glycans in the MCD cornea contained chondroitin 
sulphate/dermatan sulphate side chains. 

Unlike normal human corneas, whose collagen 
fibrils when prepared for electron microscopy using 
the method described herein and viewed in cross
section invariably measure 26.0 nm (n = 1000; 
SD = ±2.4 nm34), MCD collagen fibrils in close 
proximity to deposits of extracellular fibrillogranular 
vacuoles were often abnormally large (Fig. 3). Large 
stromal collagen fibrils are a feature of several 
diseases of the cornea, and have been documented 
(but not quantified) in localised regions of a MCD 
type II cornea.22 The range of collagen fibril 
diameters in the aforementioned MCD studi2 
(25-60 nm) corresponds well with the present data 
that show collagen fibrils within 1 JJ.m of a deposit of 
fibrillogranular vacuoles to measure between 20 nm 
and 58 nm. Moreover, when our present data are 
visualised graphically (Fig. 6), it seems that relatively 
high numbers of collagen fibrils tend to have 
diameters in the region of 34 nm and 42 nm. A 
similar quantification of the collagen fibrils in 
Scheie's syndrome34 and Hurler's syndrome41 -
where their diameters range from 20 nm to 52 nm 
and from 13 nm to 50 nm respectively - has also 
provided some evidence for a bimodal distribution of 
collagen fibril diameters. In these cases the more 
frequently occurring collagen fibril diameters tended 
to be 28 nm and 36 nm (Scheie's syndrome34) and 

65 

23.5 nm and 39.5 nm (Hurler's syndrome41). The 
discrepancy between the actual values for the 
preferred collagen diameters found in the aforemen
tioned corneal studies may be due to the different 
amounts of tissue shrinkage that can occur in 
different electron microscopical preparation runs, as 
highlighted recently by Fullwood and Meek.42 How
ever, since we can assume that the data obtained 
within a single study would be standardised, neither 
inter-study tissue preparation differences nor sys
tematic measurement errors would be expected to 
affect the value for the difference between preferred 
collagen diameters found in each study. These values 
turn out to be 8 nm, 16 nm and 8 nm for Scheie's 
syndrome?4 Hurlers' syndrome41 and MCD (present 
study) respectively. With this in mind, it is interesting 
to note that, in 1979. Parry and Craig43 presented 
electron microscopic evidence for an 80 A unit in 
collagen fibrils from a variety of fetal, immature and 
adult tissues including cornea. Their data showed 
some variation but, in general, collagen fibril 
diameters tended to cluster around 16 nm, 24 nm, 
32 nm, 40 nm and 48 nm. It appears, then, that we 
may be starting to uncover a phenomenon whereby 
abnormally large collagen fibrils in certain patholo
gical human corneas prefer to increase their dia
meters in discrete quanta of 8 nm. Since stromal 
glycosaminogJycans are thought to influence collagen 
fibril1ogenesis,44.45 it is worth considering the possi
bility that abnormal functioning of these molecules in 
MCD, Scheie's syndrome and Hurler's syndrome 
may underlie the formation of pockets of large 
collagen fibrils. 

The appearance of Descemet's membrane in our 
MCD type II patient (Figs. 7, 8) is in line with 
previous studies that have documented a normal 
anterior banded zone and a honeycombed posterior 
non-banded zonep·1 8.46 In our study, Cuprolinic 
blue staining revealed that the pores in Descemet's 
membrane contained large, sulphated proteoglycan 
filaments not seen in normal Descemet's membrane. 
They appeared similar in size to those filaments in 
the stroma (Fig. 9) , although their composition 
remains unknown. In general, the more anterior 
pores in the posterior zone of Descemet's membrane 
were larger, better defined and contained larger 
proteoglycans than the pores closer to the endothe
lium, although the demarcation between these 
regions was more gradual than strict. Similar findings 
- though without the proteoglycan staining - have 
been reported previouslyP,1 8 Since the pores 
towards the endothelial side of Descemet's mem
brane do not contain such large proteoglycans as the 
more well-defined pores in the centre of Descemet's 
membrane it may well be the case that a congrega
tion of large proteoglycans causes the formation of 
the pores in Descemet's membrane. Even though we 
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can provide no direct evidence as to the origin of 
these large Descemet's membrane proteoglycans, it 
seems reasonable to assume that endothelial, rather 
than stromal, cells synthesise these molecules. 

The intracellular inclusions evident in scanning 
electron micrographs of the posterior face of our 
MCD type II patient's endothelium (Fig. 10) 
resemble those reported by Klintworth.l Their 
location, size and variation in size are all consistent 
with the assumption that they are due to the 
intracellular fibrillogranular vacuoles previously 
documented in MCD endothelial cells17 and present 
in some of our patient's endothelial cells. 

Sulphated keratan sulphate is known to be present 
on the apical surface of human, bovine and rabbit 
endothelial cells where, recently, its expression has 
been linked to endothelial cell migration.47 In this 
study we found that the endothelial cell surface of 
the MCD specimen had much lower levels of 
labelling for sulphated keratan sulphate than the 
normal human endothelium (Fig. 10). This finding 
emphasises the systemic nature of MCD, and 
suggests that the corneal endothelial cells in our 
MCD type II patient synthesise low levels of 
sulphated keratan sulphate. In MCD type I - the 
variant where no sulphated keratan sulphate is 
detected immunochemically in the serum or cornea 
- it is likely that the endothelium expresses no 
sulphated keratan sulphate, but this remains to be 
seen. Of course, since the antibody used for 
immunohistochemistry (5-D-4) recognises only the 
sulphated form of keratan sulphate, the reduced 
endothelial labelling in MCD could be due to the 
presence of an undersulphated form of keratan 
sulphate. 

In conclusion, this patient exhibited many of the 
classic features of macular corneal dystrophy and 
provided us with some new insights regarding the 
histopathology of this intriguing condition. 
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