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ABSTRACT Keratoconus is a disease that results
in thinning and ectasia of the central cornea. Cultures
of corneal stromal cells from patients with keratoconus
were established and the synthesis of glycosamino-
glycans compared with the synthesis of glycosamino-
glycans by normal human corneal stromal cells in cul-
ture.

Keratoconus and normal control cell cultures were in-
cubated with sodium [%*S]sulfate and [*H]glu-
cosamine for 4 h. After incubation, the labeled glycos-
aminoglycans were isolated from the medium fractions
and cells. Keratoconus and normal control cultures
synthesized similar amounts of sulfated glycosamino-
glycans independent of the age of donors and(or) the
number of subcultures. In contrast to normal control
cultures, most of the newly synthesized glycosamino-
glycans produced by keratoconus cells were found in
the growth medium and much less were in the cell
layer.

Treatment with glycosaminoglycan-degrading
enzymes followed by paper chromatography showed
that keratoconus cells, as normal control cells, pro-
duced hyaluronic acid and various sulfated glycos-
aminoglycans. The production of cell layer-related
heparan sulfate was markedly reduced in keratoconus
cultures. Because heparan sulfate has been shown to be
associated with cell surfaces, the decreased heparan
sulfate content could reflect changes at this location.

INTRODUCTION

Keratoconus is a disease that gradually thins and dis-
torts the central cornea and usually leads to visual
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impairment. Histological and structural changes (1-4)
in the cornea include degeneration of basal epithelial
cells, fragmentation of the basement membrane,
fibrillation of Bowman’s membrane, reduction of the
stromal lamellae and their partial replacement by an ir-
regularly arranged connective tissue. The pathogenesis
is unknown.

Relatively little biochemical information is available
concerning this disease process. A preliminary report
(5) has shown that the total amount of glycosamino-
glycans (expressed as percentage of hexosamine per
dry weight tissue) was 1.4% both in normal human and
keratoconus corneas. No significant differences were
observed in elution patterns from. an epichlorohydrin
triethanolamine column. A subsequent study (6)
described a slight increase in the glucosamine:galactos-
amine ratio from corneas with keratoconus and sug-
gested that the keratan sulfate content was increased,
whereas the chondroitin sulfate fraction was decreased.
A reduction in the total collagen content (7) and an ab-
normality in the collagen cross-linking (8) have also
been reported. Except for this last study, none of the
changes were of sufficient degree to provide assurance
that direct measurement of the corneal tissue was a
fruitful approach to study this disease.

The use of tissue cultures of skin fibroblasts for in-
vestigation of the systemic mucopolysaccharidoses has
produced significant advances in the understanding of
these conditions (9). Similar methods with corneal cell
cultures have been employed in the study of one
corneal disease, macular corneal dystrophy. There was
a suggestion of glycosaminoglycan changes by histo-
chemistry (10) but no demonstrable chemical abnor-
malities (11).

We have previously characterized the glycosamino-
glycans produced by cultures of stromal cells from
normal human corneas (12). With that as background,
we undertook this study to investigate the synthesis of
glycosaminoglycans by cultures of corneal stromal cells
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from patients with keratoconus. In contrast to the
reported absence of glycosaminoglycan changes from
macular dystrophic corneal cells, we have observed
significant differences in heparan sulfate production
from cultured keratoconus corneal cells when com-
pared to normal controls.

METHODS

Cell cultures. Normal human corneas were obtained from
the New England Eye Bank, Boston, Mass. Corneal buttons
from three patients with keratoconus (a 24-yr-old male with
keratoconus for 10 yr; a 44-yr-old male with keratoconus for
15 yr; and a 48-yr-old female with keratoconus for 4 yr) were
placed into a McCarey-Kaufman (13) medium immediately
after penetrating keratoplasty and sent to our laboratory. All
three had bilateral disease suggesting an underlying meta-
bolic defect.

The middle portion of the stromal layer was obtained from
corneas as described (14). This entailed stripping off Desce-
met’'s membrane with the attached endothelium and then re-
moving the superficial epithelial stromal layer. The pure
explant was cultured as described (15, 16) in 75-ml Falcon
flasks (Falcon Plastics, Div. of BioQuest, Oxnard, Calif.) at
37°C under 5% CO,, 95% air. The culture medium was
changed twice weekly.

When cells in culture had reached confluence (3-4 wk), the
culture flasks were treated with EDTA (0.02%) and trypsin
(0.05%, Grand Island Biological Co., Grand Island, N. Y.) for
5 min and cells subcultured employing the same culture pro-
cedure. Glycosaminoglycan studies were performed generally
between the second and fourth subcultures.

For convenience, cultures of stromal cells grown from age-
matched normal human corneas will henceforth be referred to
as normal control cells or normal control cultures; the cul-
tures of corneal stromal cells from keratoconus patients will be
called keratoconus cells or keratoconus cell cultures.

Production of glycosaminoglycans. In a typical experi-
ment, two flasks of confluent corneal cultures were incubated
with Eagle’s minimal essential medium containing 100 uCi/
ml of sodium [**S]sulfate and 40 uCi/ml of [*H]glucosamine
for 4 h. After incubation, the medium was removed from all
flasks and combined as a medium fraction. The cultures were
washed six times with 8 ml of Dulbecco’s phosphate-buf-
fered saline and the cells harvested with 0.25% trypsin. Cell
numbers in some samples were determined with a hemocytom-
eter. The cells were then broken with a Polytron homoge-
nizer (Brinkmann Instruments, Inc., Westbury, N. Y.). This
preparation contained both intracellular and pericellular
material and is referred to as the cell layer fraction.

Identification of glycosaminoglycans. Samples of the
medium and cell layer fractions were chromatographed on a
column of Sephadex G-50 (Pharmacia Fine Chemicals, Div. of
Pharmacia Inc., Piscataway, N. J.) as described (16) to separate
the newly synthesized radioactive glycosaminoglycans. The
total radioactivity associated with the labeled products was
used to estimate the amount of glycosaminoglycan produced
per milligram of protein as an index of glycosaminoglycan
synthesis. The protein in the cell layer of corneal cultures was
assayed with fluorescamine (17) using bovine serum albumin
as standard. The specific activity of the [**S]sulfate in the in-
cubation medium was determined from the amount of [*3S]-
sulfate added to the medium and the amount of inorganic
sulfate present.

Sulfated glycosaminoglycans produced by normal and
keratoconus stromal cultures were characterized by sequen-
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tial treatment with chondroitinase AC and chondroitinase
ABC (Miles Laboratories Inc., Miles Research Products Elk-
hart, Ind.) as described (16). Chondroitinase AC only degrades
hyaluronic acid, chondroitin 4-sulfate, and chondroitin 6-
sulfate. Chondroitinase ABC degrades these plus dermatan
sulfate. Neither enzyme has activity on heparan sulfate,
heparin, or keratan sulfate. Carrier standard chondroitin 4-
sulfate (Miles Laboratories Inc.) was added in each enzyme
incubation to confirm the enzyme activities. After enzyme
digestions, each reaction mixture was chromatographed on a
column (1 X 20 cm) of Sephadex G-50 with 0.1 M LiCl solu-
tion, and radioactivity was determined for each fraction.
Degradation products of the carrier standard were located by
the carbazole assay (18). The amount of labeled material ap-
pearing in the included fractions from the column represented
the degraded glycosaminoglycan products; the amount ap-
pearing in the excluded fractions represented the intact
glycosaminoglycans resistant to the specific enzyme (16).

For some samples, the intact glycosaminoglycans recovered
after chondroitinase ABC digestion were further treated with
crude heparinase prepared from Flavobacterium heparinum
as described (16). This enzyme can degrade all types of glycos-
aminoglycans except keratan sulfate.

Disaccharide products of chondroitinase ABC digestion
were identified as described (19) by chromatography on What-
man No. 1 paper (Whatman, Inc., Clifton, N. J.) together with
disaccharide standards ADi-4S, ADi-6S, ADi-0S, and un-
saturated hyalobiuronic acid.! Chromatograms were developed
for 18 h in butan-1-ol:acetic acid:1.0 M ammonium hydroxide
(2:3:1, by volume). After chromatography, the carrier disac-
charides were visualized with UV light and the chromato-
grams were then cut into 1-cm strips which were then assayed
for radioactivity. The hyaluronic acid content was determined
from the amount of [*H]disaccharides co-chromatographing
with unsaturated hyalobiuronic acid.

RESULTS

Keratoconus cells (Fig. 1A) and normal control cells
(Fig. 1B) looked similar under phase-contrast micros-
copy, displaying the long, thin, spindle-shaped
morphological characteristics of fibroblasts. The
growth rate and pattern of keratoconus and normal
control cells in culture were similar, although it was our
impression that keratoconus cells could be subcultured
only 10-15 times, whereas normal control cells could
be maintained for a longer period (20-30 subcultures).
This, however, was not examined rigorously. The cell
densities and the cell protein contents of cultures are
shown in Table I. These represented duplicate flasks
that were pooled before assay. There were no apparent
differences in cell number or protein content between
normal and keratoconus cells.

The production of sulfated glycosaminoglycans by

! Nomenclature used in this paper: ADi-4S, 2-acetamido-
2-deoxy-3-0-(8-D-gluc-4-enepyranosyluronic acid)-4-0-sulfo-
D-galactose; ADi-6S, 2-acetamido-2-deoxy-3-0-(8-D-gluc-4-
enepyranosyluronic acid)-6-0-sulfo-D-galactose; ADi-0S, 2-
acetamido - 2 - deoxy - 3-0 - (8- D - gluc - 4 - enepyranosyluronic
acid)-D-galactose; unsaturated hyalobiuronic acid; 2-
acetamido-2-deoxy-3-0-(8-D-gluc-4-enepyranosyluronic
acid)-D-glucose.
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TABLE I
Cell Number and Protein Content

No. of Total No. of cells/
Age of subcul- Cell cell cell
Cells donor tures number protein protein
mg mg
Normal 17 mo 3 4.1 x 108 2.1 2.0 x 108
4 —* 1.7 —
16 yr 0 2.7 x 108 1.7 1.6 x 108
50 yr 2 2.5 x 108 1.2 2.1 x 108
3 3.0 x 108 1.6 1.9 x 108
60 yr 2 3.9 x 108 2.3 1.7 x 108
Kerato- 24 yr 3 —* 2.4 —
conus 44 yr 2 4.6 x 108 2.9 1.6 x 108
3 5.7 x 108 2.6 2.2 x 108
48 yr 3 4.5 x 108 2.3 2.0 x 108
4 3.6 x 108 2.1 1.7 x 108

* These were not counted but looked similar to the other
flasks in cell density.

confluent cultures of normal control and keratoconus
cells based on the [33S]sulfate incorporation is shown
in Table II. Generally, with normal control cells, more
labeled material was present within the cell layer than
in the growth medium. However, this was reversed in
keratoconus cultures, with most of the newly synthe-

sized products present in the growth medium and much
less in the cell layer. The total amount of sulfated
glycosaminoglycans produced by normal and keratoco-
nus cell cultures based on the cell protein appeared to
be similar, independent of the age of donors and(or) the
number of subcultures.

Tables III and IV depict the amounts of the various
sulfated glycosaminoglycans isolated from the medium
and the cell layer fractions of normal and keratoconus
cell cultures. In agreement with our previous report
(12), no significant differences were observed by varia-
tions in age of donors and(or) number of subcultures.
Chondroitin 6-sulfate always made up the largest por-
tion of the sulfated glycosaminoglycans. Chondroitin
4-sulfate and dermatan sulfate were present in smaller
amounts; chondroitinase ABC-resistant material ac-
counting for the remainder. We have previously shown
(12, 16) that in normal corneal stromal cell cultures, no
heparin is produced and keratan sulfate is present only
in minimal amounts. Therefore, the chondroitinase
ABC-resistant material is essentially heparan sulfate.
Likewise, in keratoconus cells, the chondroitinase
ABC-resistant material was degraded by crude heparin-
ase indicating that this represented heparan sulfate and
not keratan sulfate.

The relative amounts of the various sulfated glycos-
aminoglycans in the medium fraction of normal and

TABLE 11
Incorporation of [**S]Sulfate into Sulfated Glycosaminoglycans

Total [*S]sulfate

incorporated Total [*S)glycos- Glycosaminoglycans

Age of No. of inoglycans produced/

Cells donor subculture Cell layer Medium produced cell protein
dpm x 1074 ng mg
Normal 17 mo 3 13.6 10.5 150 71
4 9.3 9.3 115 69
16 yr 0 40.0* 11.5 84 50
50 yr 2 9.1 3.0 75 65
3 15.0 6.3 132 83
60 yr 2 63.0* 26.9 159 65
Keratoconus 24 yr 3 2.0 21.3 144 60
44 yr 2 54 14.5 123 43
3 4.3 20.3 153 58
48 yr 3 4.2 17.3 133 58
4 6.2 15.2 133 64

Cultures were labeled with medium containing 2.2 x 10® dpm/ml of sodium [**S]sulfate
for 4 h. The amount of sulfated glycosaminoglycans produced was estimated from the
specific activity (0.80 dpm/pmol) of [**S}sulfate by assuming that one sulfate group is
present in each disaccharide unit of glycosaminoglycans. Thus, the nanogram amounts
are approximate, but are useful for the purposes of comparison. The amount of
glycosaminoglycans produced per milligram of cell protein was calculated from Table I.
Each line of results represents an independent experiment consisting of two pooled

cultures.

* Data from Table I, reference 12. The specific activity of [**S]sulfate was 3.1 dpm/pmol.
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TABLE III
Relative Percentage of Sulfated Glycosaminoglycans in the
Medium Fraction of Corneal Cultures

Age of No. of sub- Chondroitin Chondroitin Dermatan Heparan
Cells donor cultures 6-sulfate 4-sulfate sulfate sulfate*
Normal 17 mo 3 59 26 9 6
4 60 24 12 4
16 yr 0 56 20 20 4
50 yr 2 67 18 11 4
3 62 25 8 5
60 yr 2 66 16 12 6
Keratoconus 24 yr 3 58 21 19 2
44 yr 2 60 23 15 4
3 54 24 18 4
48 yr 3 67 21 11 1
4 56 24 17 3

* As described in the text, heparan sulfate was the predominant glycos-
aminoglycan representing the material resistant to chondroitinase ABC.

keratoconus cultures were similar, although there was a
suggestion of less heparan sulfate in the medium frac-
tion of the keratoconus cultures. In the cell layer,
keratoconus cells contained a higher proportion of
chondroitin 6- and 4-sulfates and significantly less
heparan sulfate.

To evaluate the production of heparan sulfate further,
the amounts of this chondroitinase ABC-resistant
material present in the cell layer and the medium frac-
tions were calculated from Tables II-IV. The results
are shown in Table V. It can readily be seen that in
normal control cultures, most of the heparan sulfate
produced was associated with the cell layer. Cell cul-
tures derived from keratoconus tissues, however, con-

tained markedly reduced amounts of cell layer-related
heparan sulfate that was in turn reflected in the total
production and the distribution of heparan sulfate.

The hyaluronic acid content as determined by paper
chromatography is shown in Table VI. Hyaluronic acid
generally represented one-fourth to one-third of the
total glycosaminoglycans. The amount of hyaluronic
acid produced by normal and keratoconus cells was
similar regardless of the age of donors.

DISCUSSION

This study demonstrates that confluent cultures of
corneal stromal cells derived from patients with

TABLE IV
Relative Percentage of Sulfated Glycosaminoglycans in the
Cell Layer of Corneal Cultures

Age of No. of sub- Chondroitin Chondroitin Dermatan Heparan
Cells donor cultures 6-sulfate 4-sulfate sulfate sulfate*
Normal 17 mo 3 56 19 13 12
4 50 21 15 14
16 yr 0 54 18 10 18
50 yr 2 57 21 11 11
3 44 24 17 15
60 yr 2 48 13 22 17
Keratoconus 24 yr 3 55 27 14 4
44 yr 2 60 26 13 1
3 63 19 16 2
48 yr 3 53 30 15 2
4 60 26 12 2

* As described in the text, heparan sulfate was the predominant glycos-
aminoglycan representing the material recovered after chondroitinase ABC

digestion.
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TABLE V
Production of Heparan Sulfate in Corneal Cell Cultures

Chondroitinase
ABC-resistant

material/cell
protein
No. of
Age of sub- Cell Total pro-
Cells donor cultures layer Medium duction
ngimg ngimg of cell
protein
Normal 17 mo 3 4.8 1.9 6.7
4 4.8 14 6.2
16 yr 0 6.9 04 8.3
50 yr 2 54 06 6.0
i 3 8.7 1.2 9.9
60 yr 2 7.8 1.2 9.0
Kerato- 24 yr 3 0.2 2.2 2.4
conus 44 yr 2 0.1 1.3 14
3 0.3 1.7 2.0
48 yr 3 02 05 0.7
4 0.4 14 1.8

keratoconus, as in normal control cultures, synthesize
hyaluronic acid and various sulfated glycosamino-
glycans. The total production of sulfated glycosamino-
glycans and the hyaluronic acid are comparable.

An abnormality in the distribution of glycosamino-
glycans is found in keratoconus cell cultures. Normal
human stromal cells, when incubated with [**S]sulfate
for 4h, synthesize [**S]glycosaminoglycans and
distribute a large proportion of the products within the
cell layer. Keratoconus cells, in contrast, have most
of the newly synthesized material in the growth
medium and display a much decreased amount of
glycosaminoglycans within the cell layer.

Further characterization of the glycosaminoglycans
indicated that keratoconus cells contain significantly

TABLE VI
Hyaluronic Acid Content

Hyaluronic acid as
percentage of total
glycosaminoglycans

less heparan sulfate in the cell layer than do normal
control cells. Heparan sulfate has been shown to be
associated with cell surfaces (20-22) suggesting that
the lower production by keratoconus cells may reflect
some changes at the cell surface.

It is possible that the decreased glycosaminoglycan
content in the cell layer of keratoconus cultures may be
an expression of the abnormal matrix imposed by the
decreased production of heparan sulfate. It is also pos-
sible that other materials such as collagen or struc-
tural glycoproteins in the cell layer are not retaining
the glycosaminoglycans in the keratoconus cells. We
have examined the collagen synthesized by keratoco-
nus cultures and demonstrated that keratoconus cells
and normal control cells synthesize similar amounts of
collagen and both contain type I collagen and A, B
chains. However, the relative amount of A, B chains
synthesized was noted to be significantly increased in
keratoconus cultures.? It is known that in cornea,
glycosaminoglycans interact closely with collagen. The
abnormal collagen synthesis by keratoconus cells could
possibly be coupled with variations in the metabolism
of glycosaminoglycans. Alternatively, this may involve
modifications in the secretion mechanism which result
in the releasing of most of the glycosaminoglycans
into the growth medium by keratoconus cells. At
present it is not clear what is really involved in the
disease, partly because of the limitations in relating ob-
servations in the corneal cultures to the pathology of
keratoconus in vivo. It has been shown (12, 16, 23) that
corneal cultures produce very little keratan sulfate.
Therefore, the pattern of sulfated glycosaminoglycan
synthesized is considerably different from that seen in
corneal tissues. However, it is still of interest that
keratoconus is a disease which shows a modification of
the distribution and type of glycosaminoglycans
produced in culture.
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