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Ultrastructural changes in sulfated proteoglycans were studied in 12 pairs of normal eye-bank eyes (aged 
1 day to 92 years), using the cationic dye, cuprolinic blue, in a ‘critical electrolyte concentration ‘. Pre- 
treatment of trabecular meshwork sections with various glycosaminoglycanases and nitrous acid served 
to characterize these proteoglycans. Three sixes of proteoglycan-cuprolmic blue (PG-CB) complexes were 
found in association with different extracellular matrix components. Small, thin PG-CB complexes were 
closely associated with collagen fibrils. Large, thick PG-CB complexes, although located close to collagen 
fibrils in a variety of places, were most commonly seen between the boundaries of the collagen bundles, 
where they were associated with fine filaments. Both types of collagen-associated PG-CB complexes 
contained chondroitin sulfate and dermatan sulfate, with dermatan sulfate predominant. Basal lamina- 
associated PG-CB complexes contained heparan sulfate. 

An age-related, progressive coalescence of collagen was found in normal trabecular meshwork in a 
statistically significant fashion; the regions of collagen coalescence were associated with a decrease of 
small, collagen-associated PG-CB complexes and an increase of a previously unrecognized matrix 
material. The measurement of areas of coalescence of collagen was used as an indirect indicator of small, 
collagen-associated PG-CB complex loss with age. Large collagen-associated PG-CB complexes and basal 
lamina-associated PG-CB complexes decreased from infant to young adult; no addftional loss with age 
was found. Further studies will be needed to determine whether loss of sulfated PGs plays a role in 
increased aqueous oufflow resistance that characterizes glaucoma. 

Key words: sulfated proteoglycans ; extracellular matrii : human ; trabecular meshwork ; age-related 
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1. Introduction 

It has been suggested that the primary site of aqueous 
outflow resistance in the normal eye resides within the 
trabecular meshwork (Grant, 1958) and possibly 
within the juxtacanalicular connective tissue (JCT : 
Liitjen-Drecoll, 1973). Extracellular matrix appears to 
comrpise a significant portion of the trabecular 
meshwork, especially in the JCT region. Proteoglycans 
(PGs) are major elements of the extracellular matrix. 
PGs are macromolecules consisting of a protein core to 
which glycosaminoglycans (GAGS) are covalently 
attached (Hascall and Hascall, 1981). Analysed by 
sequential enzymatic degradation and cellulose 
acetate electrophoresis, the human trabecular mesh- 
work contains hyaluronic acid, chondroitin-4-sulfate 
and/or 6-sulfate, dermatan sulfate, and keratan 
sulfate (Acott et al., 1985). GAGS have been investi- 
gated as to their possible role in the regulation of 
outflow resistance since B&any (1953) and Barany 
and Scotchbrook (19 54) ilrst reported that testicular 
hyaluronidase dramatically increased the outilow 
facility of enucleated bovine eyes. Several authors 
(Francois, 1975 ; Armaly and Wang, 1975) have 
postulated that primary open-angle glaucoma (POAG) 
may result from an over-abundance of GAGS in the 
aqueous outflow pathway. This hypothesis has been 
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the basis of many further studies (Grierson and Lee, 
1975; Segawa, 1975, 1979; Knepper, Farbman and 
Tesler, 1984). Despite an intensive effort over the past 
15 years, there is surprisingly little evidence that the 
level of GAGS in the aqueous outflow pathway is 
increased in glaucoma. To the contrary, recent 
evidence indicates that the concentrations of at least 
some PGs actually decrease in glaucoma (Richardson 
and Hutchinson, 1983; Knepper et al., 1989). 

Phthalocyanine-like dyes, cuprolinic blue or cupro- 
meronic blue, in a critical electrolyte concentration, 
have proven valuable in ultrastructural localization of 
sulfated PGs in various non-ocular tissues (Scott, 
1980; Scott, Oxford and Hughes, 1981: Reale, 
Luciano and Kuhn, 1983; van Kuppevelt et al., 
1984a, b, 1985, 1987; VGlker, Schmidt and Bud- 
decke, 1986, 1987; Chan and Wong, 1989) and 
ocular tissues including sclera (Young, 1985), cornea 
(Scott and Haigh, 1985 ; Scott, 1988 ; van Kuppevelt 
et al., 1987: Cmtron and Covington, 1990); retina 
(Tawara, Varner and Hollyheld, 1988, 1989a, b), 
and Bruch’s membrane (Call and Hollyfield, 1990). 
Recently, an ultrastructural localization study of 
sulfated PGs in a small number of adult human 
trabecular meshwork specimens has been reported 
(Tawara et al., 1989b). However, age-related changes 
in sulfated PGs of the trabecular meshwork have 
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not yet been investigated. As primary open-angle 
glaucoma is a disease related to aging, an under- 
standing of age-related changes in sulfated PGs of 
the normal aqueous outflow pathway would establish 
a basis for further study of how PGs might change in 
glaucoma. In the present study, age-related changes in 
sulfated PGs of the normal human trabecular mesh- 
work were studied, using the tetracationic dye 
cuprolinic blue (CB) in a critical electrolyte con- 
centration, in conjunction with pretreatment of tissues 
with selected glycosaminoglycanases (GAGases) or 
nitrous acid to identify the various PGs present. 

2. Materials and Methods 

Twenty-four normal eye-bank eyes (aged 1 month 
to 92 years) were obtained from the National Disease 
Research Interchange (NDRI, Philadelphia, PA, 
U.S.A.) (Table I). Intact eyes were wrapped in gauze 
wetted with saline, maintained at 4°C and arrived 
within 24 hr post-mortem. Each globe was bisected by 
an equatorial incision, and the posterior segment 

TABLE I 

Age distribution 

Donor age No. of eyes 
(years) (n = 24) 

O-10 2 
1 O-20 0 
LO-30 4 
3G40 2 
40-50 0 
SO-60 2 
60-70 4 
70-80 4 
80-90 4 
90-l 00 2 
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discarded or donated to other investigators studying 
retina and optic nerve. Either quadrants or whole 
anterior segments were immersed in a tlxative solution 
containing 2.5% glutaraldehyde in 25 mM sodium 
acetate buffer (pH 5.7). After 15-30 min, the anterior 
chamber angle tissue, including the trabecular mesh- 
work, the periphery of the cornea, iris and ciliary body 
of each eye was cut radially into small pieces and 
returned to the same fixative solution. 

Enzyme and Nitrous Acid Treatments 

Treatment with one of the following enzymes or 
nitrous acid was preceded by prefixation of the tissue 
for 2 hr at 4°C in the above fixative solution. Protease 
inhibitors (5 mM benzamidine-HCI and 0.1 M c-amino- 
caproic acid) were added to all of the following 
solutions. 

(1) Chondroitinase AC and ABC (Sigma Chemical 
Co., St Louis, MO, IJ.S.A.). The tissue was incubated in 
0.5 % enriched Tris buffer (pH 8,O) with either 1 II mll’ 
chondroitinase AC or 1 U ml-’ chondroitinase ABC for 
24 hr at room temperature (Tawara et al., 1989b). 

(2) Nitrous acid. Nitrous acid was prepared by 
mixing equal volumes of 5 “/o sodium nitrite and 3 3 “/o 
acetic acid (by volume). Tissues were incubated with 
the solution for 90 min at room temperature, and 
washed in 0.2 M sodium acetate (van Kuppevelt et al., 
1984b). 

(3) Keratanase (Sigma Chemical Co.). The tissue 
was incubated with 0.1 M sodium acetate buffer 
(pH 7.4) with 1 U ml-’ keratanase for 24 hr at room 
temperature (Tawara et al., 1989b). 

(4) Heparitinase (Seikagaku Kogyo Co.. Tokyo, 
Japan). The tissue was incubated with 10 U ml-’ 
heparitinase in 0.1 N sodium acetate (pH 7.0) con- 
taining 10 mM calcium acetate for 2 hr at 43°C (van 
Kuppevelt et al., 1985). 

FI [G. 1. A light micrograph of the trabecular meshwork from a 28-year-old normal eye. Three areas were examine1 
juxt acanalicular connective tissue (JCT); corneoscleral beams (CS): and uveal beams (U). SC, Schlemm’s canal: AC, anteric 
chal mber. x 980. 

d: 
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(5) Streptomyces hyaluronidase (Sigma Chemical 
Co.). The tissue was incubated with 5 yl of 500 U ml-l 
hyaluronidase in 495 ~1 of 0.1 M sodium acetate 
buffer (pH 5.4) containing 0.15 M NaCl for 5 hr at 
37°C (Tawara et al., 1989a). 

For each enzyme or nitrous acid treatment, a 
control was incubated in the appropriate buffer, 
without enzyme or nitrous acid, using the same 
procedure. After incubation all tissues were washed in 
their respective buffer. 

Cuprolinic Blue Staining Procedures 

After pre-fixation of the specimens for 2 hr in the 
2.5 y0 glutaraldehyde in 2 5 mM sodium acetate buffer, 
both enzyme-treated and untreated specimens were 
transferred into a mixture of 0.2% cuprolinic blue, 
0.3 M MgCl, and 2.5 % glutaraldehyde and stained for 
20-24 hr at room temperature. The same procedure, 
without cuprolinic blue, was used as a control. After 
rinsing with 25 mM sodium acetate buffer, the 
specimens were washed in aqueous 0.5% sodium 
tungstate and then alcoholic (50% by volume) 0.5% 
sodium tungstate, dehydrated and embedded in epon- 
araldite. A minimum of three blocks of each eye were 
examined. Semi-thin sections for light microscopy 
were cut to provide the orientation for electron 
microscopy (Fig. 1). Ultrathin sections in two different 
planes, radial and coronal, were cut, counter-stained 
with uranyl acetate and examined in a Philips-300 
electron microscope (Philips, Eindhoven, The Nether- 
lands). At least two grids were examined for each 
plane of section. Two to four grids were examined for 
each block. Electron micrographs were taken at low 
magnification ( x 6000-8000) for orientation, and 
then ten or more micrographs were taken randomly at 
higher magnificantion ( x 20000), in each of three 
different areas of the trabecular meshwork (uveal 
beams, corneoscleral beams and the JCT area). 
Differences in the distribution of proteoglycans at 
different ages (age range 1 month to 92 years, n = 24) 
were sought by comparing the electron micrographs. 

Grading the Amount of Basal Lamina Associated 
Suuated PGs 

Photographs from 12 pairs of normal eyes were 
used for grading. Three groups of micrographs-( 1) 
uveal beams, (2) corneoscleral beams, (3) JCT-were 
separately graded by one person. who understood the 
anatomy of the trabecular meshwork, but did not 
know the hypothesis of the present studies. All 
micrographs, presented for grading, were taken at 
original magnification x 20000 and enlarged to 
x 5 5 000 for analysis of ultrastructural changes. The 
following semi-quantitative criteria were employed : 
for each micrograph, one of four different grades (0, 1, 
2. 3 ) was assigned based upon the relative density of 
proteoglycan-cuprolinic blue (PG-CB) complexes 

associated with the basal lamina and/or basal lamina- 
associated material (see Results section). 

Grading the Relative Amount of Coalesced Collagen 

Areas of coalesced collagen, operationally defined as 
regions where the collagen fibrils were sufficiently 
compacted so as to make individual fibrils difficult to 
discern in the micrographs, were found to be devoid of 
PG-CB complexes (see Results section). Thus, the 
proportions of these areas to the areas of non-coalesced 
collagen in each micrograph were graded as an 
indirect measurement of the amount of small, 
collagen-associated PGs. A O-3 scale was used. A 
grading of 0 indicated total absence of coalesced 
collagen and a grading of 3 indicated more than two- 
thirds of the area contained coalesced collagen (see 
Results section). 

Statistical Comparisons 

Data for grading of basal lamina associated sulfated 
PGs and for coalesced collagen, as a function of age, 
were fit using a ‘ least-square ’ linear fit. The regression 
package used (KaleidaGraph@, Synergy Software, 
Reading, PA, U.S.A.) generated standard errors of the 
slope and intercept and these values were used to 
determine the statistical significance of the fit to the 
data using a Student’s t-test. 

3. Results 

When human trabecular meshwork was stained 
with cuprolinic blue (CB) in a critical electrolyte 
concentration, the dye and the PGs formed electron- 
dense precipitates (PG-CB complexes), which were 
stick-shaped or, when cross-sectioned, appeared as 
black dots. Three different PG-CB complexes were 
found in association with three different extracellular 
matrix areas. The first type of PG-CB complex was 
small and thin (length ranged from 30 to 50 nm) and 
was associated with the collagen fibrils in the cores of 
the trabecular beams (Fig. 2) and in the JCT. In 
longitudinal sections, most of these PG-CB complexes 
were orthogonal to the D-bands of collagen fibrils. 
Some of them were seen parallel to the collagen fibrils. 
In these cases, the PG-CB complexes often spanned 
between adjacent D-bands of the same collagen fibril 
(Fig. 2). 

The second type of PG-CB complex (length ranged 
from 50 to 80 nm) was associated with the basal 
laminae of trabecular endothelial cells and endothelial 
cells of Schlemm’s canal (Fig. 2). The third type of 
PG-CB complex was larger, thicker (length ranged 
75-12 5 mm) and appeared more electron dense. It 
was found located in proximity to collagen fiber 
bundles in a variety of places. usually between the 
boundaries of adjacent collagen bundles where they 
were associated with a fine filamentous network (Fig. 
2), or in the electron microscopically empty spaces 
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FIG. 2. Sulfated PGs in infant trabecular meshwork. A, Radially sectioned trabecular beam from a l-month-old infant. Many 
small, thin PG-CB complexes (small arrows) are associated with the collagen fibrils (*) in the cores of the beams. No PG-CB 
complexes are associated with the elastic fibers (EL). PG-CB complexes (arrowheads) are also associated with the inner and 
outer surfaces of basal lamina (BL) of the trabecular endothelial cells (EN). x 40000. B, Coronally sectioned collagen fibers from 
a trabecular beam of the same eye seen in (A). Most of the collagen-associated PG-CB complexes (large arrowheads) are 
orthogonal to the D-banded of collagen fibrils. Some of them are seen parallel to the collagen fibrils, spanning between adjacent 
D-bands of a single collagen fibril (small arrowheads). x 95 000. C, Radially sectioned trabecular beam of a l-month-old infant. 
Large, thick PG-CB complexes (large arrows) are found between the boundaries of the collagen bundles (*) in a trabecular 
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between collagen and the basal lamina of endothelial 
cells of the trabecular beams. Rarely, these PG-CB 
complexes were associated with individual collagen 
fibrils (not shown). 

In the control tissues, treated using the same 
procedure but in the absence of cuprolinic blue, no 
PG-CB complexes were present in the trabecular 
meshwork. 

The adjacent sclera in the same section was also 
examined to compare whether there were any differ- 
ences in sulfated PGs between the two adjacent 
connective tissues. The same three types of PG-CB 
complexes were seen in the adjacent sclera ; one was 
associated with collagen fibrils, another was associated 
with the basal lamina of the endothelial cell lining in 
the outer wall of Schlemm’s canal, and a third was 
located at the boundaries between collagen bundles 
(not shown). 

Characterization qf PGs in the Trabecular Meshwork 

Four pairs of normal adult eyes (ages 28, 39, 56, 
and 68 years) were used for these studies. Different 
types of sulfated PGs in the trabecular meshwork, 
were distinguished by their susceptibility to the 
following specific enzymes. 

Chondroitinase ABC. Pre-treatment with this en- 
zyme, which digests chondroitin-4-sulfate, chond- 
roitin-6-sulfate and dermatan sulfate, eliminated the 
small, thin collagen-associated PG-CB complexes in 
the cores of the trabecular beams (Fig. 3) and in the 
JCT (Fig. 4). The large, thick collagen-associated 
PG-CB complexes were also eliminated (not shown); 
but PG-CB complexes associated with basal laminae in 
both the trabecular beams (Fig. 3) and the JCT (Fig. 4) 
remained unaffected. 

Chondroitinase AC. After pre-treatment with this 
enzyme, which digests chondroitin-4-sulfate and 
chondroitin-6-sulfate, both the small, thin and the 
large, thick collagen-associated PG-CB complexes 
were reduced in numbers but not eliminated in either 
the trabecular beams or the JCT areas (not shown). 
Similar to the results found with chondroitinase ABC, 
basal lamina-associated PG-CB complexes were not 
affected. 

Nitrous acid or heparitinase. Pre-treatment with these 
agents, both of which digest heparan sulfate, elimin- 
ated PG-CB complexes associated with basal laminae 
of the trabecular beams and the basal lamina of the 
endothelial cells of Schlemm’s canal. This treatment 
did not affect the small, thin collagen-associated 
PG-CB complexes (Figs 3 and 4) or the large, thick 
PG-CB complexes (not shown) in trabecular beams or 
the JCT area. After eliminating basal lamina-associated 
PG-CB complexes, collagen-associated PG-CB com- 
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plexes were still evident along collagen fibrils that 
were interwoven with the basal lamina (Fig. 4). 

Keratanase. Pre-treatment with this enzyme, which 
digests keratan sulfate, caused no notable changes in 
any of the three types of PG-CB complexes In the 
trabecular meshwork. Cornea served as a positive 
control. Readily notable reductions in cornea1 PG-CB 
complexes associated with collagen fibrils were found 
after treatment (not shown). 

Streptomyces hyaluronidase. Pre-treatment with this 
enzyme, which digests the non-sulfated PG. hyalur- 
onic acid, caused no notable changes in any of the 
three types of PG-CB complexes in the trabecular 
meshwork (not shown). 

In all the buffer controls, no significant changes in 
the proteoglycan pattern were observed (Fig. 3). 

Changes in Sulfated PGs with Age 
(i) Infant eyes 

Two, l-month-old infant eyes were studied. These 
eyes served as a means for distinguishing devei- 
opmental from aging changes in the trabecular 
meshwork. 

Trabecular beams. In both cross-sections and longi- 
tudinal sections, all three types of PG-CB complexes 
were present distributed as previously described. The 
small, thin PG-CB complexes were associated with the 
collagen fibrils in the cores of the beams (Fig. 2). The 
large, thick PG-CB complexes were found in as- 
sociation with fine filaments especially between the 
boundaries of the collagen bundles (Fig. 2). Finally, 
PG-CB complexes were associated with the basal 
laminae of trabecular endothelial cells where they 
were distributed along both the inner and outer 
surfaces of the basal lamina (Fig. 2). No PG-CB 
complexes were observed within the elastic fibers 
(Fig. 2). 

JCT area. Both forms of collagen-associated PG-CB 
complexes were also found in the JCT region dis- 
tributed as previously described (Fig. 5). PG-CB 
complexes were also found associated with the basa1 
lamina of endothelial cells of Schlemm’s Canal. No 
PG-CB complexes were observed within the elastic 
fibers (Fig. 5). 

(ii) Young adult eyes 

Three pairs of eyes (aged 2 1,28 and 39 years) were 
studied in this age group. 

Trabecular beams. All three types of PG-CB complexes 
were observed. In comparison with infant eyes, young 
adult eyes exhibited fewer PG-CB complexes associated 
with the basal laminae of trabecular endothelial cells. 
Unlike the infant eyes, in which the basal lamina- 

beam, and are associated with a fine filamentous network (black arrowheads). Small, thin PG-CB complexes (small, double 
arrows) are associated with collagen fibrils (*). Other PG-CB complexes (white arrowhead) are also found associated with the 
basal lamina (BL) of the endothelial cells (EN). EL, Elastic fiber x 40000. 
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FK. 3. Chondroitinase ABC and nitrous acid digestion 
(trabecular beams). A-C, Coronally sectioned trabecular 
beams from a 39-year-old eye. A. After pre-treatment with 
chondroitinase ABC, nearly all of the PG-CB complexes 
associated with collagen fibers in the trabecular beams are 
eliminated (*). compared with buffer control (C). But the 
PG-CB complexes associated with basal laminae (BL) are still 
present (arrowheads). B, After pre-treatment with nitrous 
acid, almost all the PGXB complexes associated with basal 
laminae in the trabecular beams are eliminated. There is no 
effect on the PG-CB complexes associated with collagen 
fibrils in the trabecular beams (*). C, Substitution of 
chondroitinase ABC with sodium acetate buffer does not 
change either collagen associated (*) and basal lamina 
associated PG-CB complexes. A-C, EN. Endothelium ; 
x 45000. 

associated PG-CB complexes were located along both 
the inner and outer surfaces of the basal lamina (Fig. 
2), in the young adult group, most basal lamina- 
associated PG-CB complexes were located solely along 
the surface of the basal lamina adjacent to the 
endothelial cells (Fig. 6). 

There were distinct areas in the central cores of the 
trabecular beams in which coalescence of collagen 
fibrils was observed in this age group: these were not 
present in the infant eyes. Areas of coalesced collagen 
were devoid of PG-CB complexes except at their 
margins. In radial sections, an amorphous extra- 
cellular matrix material appeared in these areas which 
made individual collagen fibrils more difficult to resolve 
(Fig, 6). In coronal sections, the coalesced areas devoid 
of the PG-CB complexes demonstrated a banded 
fibrillar matrix material perpendicular to the long axes 
of the collagen fibers, having a periodicity of 100 nm 
and embedded in an amorphous matrix (Fig. 6). 
PG-CB complexes were quite evident in the areas 
outside the banded material (Fig. 6). These areas of 
coalesced collagen appeared to start near the elastic 
fibers in the trabecular meshwork and were more 
obvious in the corneoscleral beams and outer meal 
beams than in the innermost uveal beams. No PG-CB 
complexes were present in the elastic core or in 
association with the age-related ‘ sheath-material ’ of 
the elastic fibers (Fig, 6). 

Compared with infant eyes, the large, thick P(;-CR 
complexes usually seen between boundaries of col- 
lagen bundles, were rarely seen in the trabecular 
beams, despite their continued presence in the adjacent 
sclera (not shown). 

JCT ureu. All three types of PG-CB complexes were 
present. In comparison with infant eyes, fewer 
collagen fibrils, and therefore. fewer small, thin 
collagen-associated PG-CB complexes were found in 
the JCT area. Fewer large, thick collagen-associated 
PG-CB complexes were found. Fewer PG-CB com- 
plexes were found in association with the basal lamina 
of the endothelial cells of Schlemm’s canal. and some 
PG-CB complexes were associated with fine tibrillar 
materials near the basal laminae (Fig. 7). Some sheath- 
derived ’ plaque material ’ (Liitjen-Drecoll et al., 19 8 6 ) 
was found in the JCT of this age group. No PC;-CB 
complexes were observed within the elastic fibers of 
the sheath-derived ‘plaque material’ (Fig. 7). 

(iii) Older eyes 

Eight pairs of eyes (aged 56, 67. 68, 71, 78, 81. 89 
and 92 years) were studied in this age group. 

l’rabecuh beams. Compared with the infant, fewer 
PG-CB complexes were evident in the basal laminae of 
trabecular endothelial cells. No differences were found, 
however, between the young adult and older eyes. 
However. the relative amounts of coalesced collagen 
within the cores of trabecular beams, in which loss of 
small collagen-associated PG-CB complexes was ob- 
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Fro. 4. Chondroitinase ABC and nitrous acid digestion (JCT). A and B, Coronally sectioned JCT area of a 39-year-old normal 
eye. A, After pre-treatment with chondroitinase ABC, nearly all of the PG-CB complexes associated with collagen fibers in the 
JCT are eliminated (*). But the PG-CB complexes associated with the basal lamina (BL) of Schlemm’s canal (SC) and material 
associated with the basal lamina. are still present (arrowheads). B, After pre-treatment with nitrous acid, almost all the PG-CB 
complexes associated with basal laminae of Schlemm’s canal in the JCT are eliminated. There is no effect on the PG-CB 
complexes associated with collagen fibrils (*). The collagen fibrils mixed with the basal lamina in the JCT area, and their 
associated PG-CB complexes, remained (arrow) after digestion. A and B, x 44000. 

served, did increase with age. As in young adult eyes, 
an amorphous extracellular matrix appeared in these 
areas which made individual collagen fib& more 
difficult to resolve (Fig. 8). In coronal sections, these 
areas continued to demonstrate a banded fibrillar 
matrix material perpendicular to the long axes of the 
collagen fibers, with a periodicity of 100 nm embedded 
in an amorphous matrix. PG-CB complexes remained 
evident in the areas outside the banded material (Fig. 
8). Although coalescence varied, the cores of most 
corneoscleral beams were nearly filled with coalesced 
collagen in three of the oldest eyes (aged 81, 89 and, 

92 years). Coalescence was generally more obvious in 
the corneoscleral beams and outer uveal beams than 
in the innermost uveal beams. 

As in all cases, no PG-CB complexes were present 
within the elastic core or in association with the age- 
related ‘sheath material’ of the elastic fibers (Fig. 8). 

Compared with infant eyes, the large, thick PGCB 
complexes usually seen between boundaries of col- 
lagen bundles, were rarely seen in the trabecular 
beams, despite their continued presence in the ad- 
jacent sclera. 

JCT area. Compared with infant eyes. fewer PG-CB 

45 I: F K ii 
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Frc. 5. Sulfated PGs in the JCT area of the infant eyes. A radially sectioned JCT area of a l-month-old infant eye. R-CB 
complexes are associated with the basal lamina (BL) of endothelial cells (EN) of Schlemm’s Canal (SC). Small PG-CB complexes 
are associated with collagen fibrils (*) in the juxtacanalicular connective tissue (JCT). No PG-CB complexes are observed in the 
elastic fibers (EL). x 42 200. 

complexes were associated with the basal lamina of 
the endothelial cells of Schlemm’s canal. No differences 
were found, however, between the young adult and 
older eyes. PG-CB complexes were associated with fine 
fibrillar material near the basal lamina, collagen fibrils 
and sometimes on the surface of, but not in, the 
‘plaque material ’ derived from the sheath material of 
the elastic fibers (Fig. 9). More sheath-derived ‘plaque 
material ’ and less fine fibrillar material was observed 
in this age group. The large, thick PG-CB complexes 
were rarely seen (Fig. 9). 

Statistical Analyis of Grading Results 

Grading the amount of basal lamina associated PG-CB 
cornylexes. The criteria for grading of basal lamina 
associated PG-CB complexes are shown in Fig. 10. 
The results for the grading of basal lamina associated 
PGs in normal uveal beams, corneoscleral beams and 
JCT areas, as a function of age, are shown in Fig. 11. 
The mean values (*S-E.) of the amounts of basal 
lamina associated PG-CB complexes represent the 
grouping of photographs of both eyes from each donor 
(n = minimum of seven micrographs, maximum of 2 3 
micrographs). No relationship between age and 
amount of basal lamina-associated PGs was found 
when all samples were included. However, when the 
mean of l-month-old eyes was compared with the 
means of all other eyes (from age 21 to 92. two-sided 
Student’s t-test using the standard deviation to 
characterize the population variability), the level was 

found to be significantly greater in the infant eyes 
(P < 10-” in uveal beams; P < 2 x lo+ in corneo- 
scleral beams; P < 0.002 in JCT). 

Grading the reZative amount coalesced collagen. The 
criteria for grading the relative amounts of coalesced 
collagen are shown in Fig. 12. Based on morphological 
examination, loss of the small collagen-associated 
PG-CB complexes paralleled the increase in the 
relative areas of coalesced collagen. As the coalesced 
masses increased in size and in the proportion of area 
they occupied in each micrograph, there was a 
commensurate reduction in density of PG-CB com- 
plexes, although these were not quantiiied. Data on 
the assessment of the relative areas of coalesced 
collagen in the uveal beams, corneoscleral beams and 
JCT areas as a function of age are shown in Fig. 1 3. 
The mean values ( ~s.E.) represent the grouping of 
photographs of both eyes from each donor 
(n = minimum of seven micrographs, maximum of 2 3 
micrographs). The relative areas of coalesced collagen 
increased with age in both uveal beams (P < (I.001 ) 
and corneoscleral beams (P < lo-“) in a statistically 
significant fashion. No relationship was found between 
age and the relative areas of coalesced collagen in the 
JCT area. 

4. Discussion 

PG-CB Content of Trabecular Meshwork 

In a previous study of five adult human trabecular 
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‘IG. 6. Sulfated PGs in the trabecular beams of young adult eyes. A, Radially sectioned trabecular beam from a 2 1 -year- .old 
,mal eye. Compared with the infant eye, PG-CB complexes are decreased in the basal laminae (BL) of trabecular endothe !lial 
s (EN) (arrowheads). Areas of coalesced collagen (arrows) usually originated near elastic fibers (EL). Small PG-CB comple ‘xes 
decreased in these areas. An amorphous extracellular matrix material in these same areas made individual collagen fit )ers 
re difficult to resolve. In non-coalesced areas, PG-CB complexes are amply present. associated with individual collagen fit lrils 
No PG-CB complexes are observed within the elastic fibers. B, Coronally sectioned trabecular beam from the contralatc :ral 
of the same donor. The coalesced areas devoid of the PG-CB complexes demonstrate a fibriliar matrix material in wh lich 
collagen fibers are embedded. The fibrillar material is arranged perpendicular to the long axes of the collagen fibers , at 
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meshworks (aged 34, 59, 60. and 76 years) using 
cupromeronic blue, Tawara et al. (1989a, b) reported 
that chondroitin sulfate (CS), dermatan sulfate (DS) 
and heparan sulfate (HS) were present in the human 
trabecular meshwork. In the present studies, using the 
cationic dye cuprolinic blue, an isomer of cupro- 
meronic blue, we have confirmed and extended the 
findings of Tawara et al. (1989b). 

The small, thin PG-CB complexes were closely 
associated with collagen fibrils; most were positioned 
orthogonal to the D-bands of the fibrils. The large, 
thick PG-CB complexes, although located close to 
collagen fibers in a variety of places, were most 
commonly seen between the boundaries of the 
collagen bundles, where they were associated with a 
fine filamentous network. Both types of PG-CB 
complexes were eliminated after chondroitinase ABC 
digestion. However, after chondroitinase AC digestion, 
both small and large PG-CB complexes were only 
reduced in number but not eliminated. These results 
indicate that these PG-CB complexes contain both DS 
and CS, with DS predominant. Similar results were 
reported by Scott et al. (1981) in rat tail tendon. 

Basal lamina-associated PG-CB complexes were 
eliminated by pre-treatment with either nitrous acid or 
heparitinase. These results indicate that basal lamina 
associated PG-CB complexes are HS, as found in other 
tissues (Van Kuppevelt et al., 1985; Chan and Wong, 
1989). 

Unfortunately, hyaluronic acid, which is also 
known to be present in the trabecular meshwork, 
lacks sulfate groups and thus cannot be stained with 
cuprolinic blue in a critical electrolyte concentration. 
This explains why pretreatment with Streptomyces 
hyaluronidase did not remove any of the PG-CB 
complexes. 

Although previous biochemical studies have 
reported that keratan sulfate (KS) is present in the 
trabecular meshwork (Acott et al., 1985), keratanase 
treatment had no discernable effect on the PG-CB 
compiexes in the trabecuiar meshwork, despite a 
notable reduction in the cornea. From similar findings, 
Tawara et al. (1989b) suggested this reflected a lack 
of KS in the trabecular meshwork. However, additional 
possibilities exist to reconcile these differences ; it may 
be that the KS in the trabecular meshwork exists in a 
unsulfated form and would therefore not react with 
cuprolinic blue. Alternatively the amount of KS in the 
trabecular meshwork may be too small to detect with 
the methods we have used. 

PG precipitates have been shown to be present 
inside elastic fibers in aortas of P-aminopropionitrile- 
induced lathyritic chicks by using various cyto- 
chemical stains, including cuprolinic blue, whereas 
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similar PG precipitates were never observed in normal 
chick aorta (Contri, Fornieri and Ronchetti, 1985). 
Although previous studies have demonstrated that 
PG-CB complexes were located on the surface of the 
elastic fibers in the bovine and human arteries (Viilker 
et al., 1986, 1987) and human Bruch’s membrane 
(Call and Hollyfield, 1990). no PG-CB complexes were 
found in association with elastic fibers in the human 
trabecular meshwork in the present studies or in the 
studies by Tawara et al. (1989b). 

Two different types of elastic fibers have been 
described within various tissues. Elastic fibers in elastic 
arteries and Bruch’s membrane consist of a thick core 
of amorphous elastin component and a thin micro- 
fibrillar envelope, while elastic fibers in the trabecular 
meshwork consist of a thin core of amorphous elastin 
component within a thick microfibrillar envelope 
(Gong, Trinkaus-Randall and Freddo, 1989). The 
microfibrillar component, like GAGS, binds ruthenium 
red (Yu and Lai, 1970), and presumably functions as 
a hydrophilic covering around the hydrophobic elas- 
tin. It is unclear at present if the trabecular meshwork 
is unique, or if it is typical that proteoglycans are only 
located on the surface of elastic fibers with a thin 
microfibrillar envelope but not on the surface of elastic 
fibers with a thick microfibrillar envelope. 

Age-related Changes in Sulfated PGs in the Trabecular 
Meshwork 

Small, thin collagen-associated PG-CB conydexes. This 
type of PG-CB complex was uniformly distributed 
around collagen fibrils in infant eyes, but decreased or 
was lost entirely in the areas of coalesced collagen 
found in the cores of the young adult and older 
trabecular beams. The amounts of coalesced collagen 
increased with age in a statistically significant fashion 
in both uveal and corneoscleral beams, but this 
change was more obvious in the corneoscleral beams. 
Since decreases in the small collagen-associated 
PG-CB complexes were always observed in the areas 
of coalesced collagen (radial section) or of banded 
material (coronal section), this suggests that the small, 
thin collagen-associated PGs decrease with age in the 
trabecular beams. 

Coalescence appeared to be accompanied by in- 
creased amounts of an unidentified matrix material. 
This unidentified matrix component was located 
around collagen fibrils and demonstrated a 100 nm 
banding periodicity in coronal sections. The appear- 
ance of the banded material, observed in the present 
studies, resembles the 100 nm periodic filaments found 
in cultured fibroblasts and in tendon, which represent 
the native aggregate form type VI collagen (Bruns 

regular intervals with a periodicity of 100 nm (arrows). An amorphous material is seen between the tibrillar material. PC;-CB 
complexes are quite evident in the areas outside the bands (*). No PG-CB complexes are present in the elastic fibers. EN. 
Endothelium. A and B. x 44000. 
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FIG. 7. Sulfated PGs in the JCT areas of young adult eyes. A, Coronally sectioned JCT region from a 21-year-old normal eye. 
The PG-CB complexes are associated with the basal laminae (BL) of the endothelial cells of Schlemm’s canal (SC), including 
fine fibrillar materials (*) and collagen fibrils (arrows), which were interwoven with the basal lamina. B, Radially sectioned JCT 
region from the contralateral eye of the same donor. The PG-CB complexes are associated with the basal lamina of the 
endothelial cells of Schlemm’s canal, including fine fibrillar materials (black *), and on the surface of, but not in, the ‘plaque 
material’ (white *) derived from the sheath material of the elastic fibers. PGXB complexes are not found in the elastic fibers 
(EL). A and B, x 44000. 
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.; 8. Sulfated PGs in the trabecular beams of older eyes. A. Radially sectioned corneoscleral beam from a h7-ye ar-old 
la1 eye. Compared with infant eyes, fewer PG-CB complexes are associated with the basal laminae (BL) of trabl ecular 
thelial cells (EN). But, no differences in basal lamina associated PG-CB complexes are found between young adult ant I older 
The relative amount of coalesced collagen within the trabecular beam is increased. The losses of PG-CB complex es are 

-ved in the areas of coalesced collagen. Outside these areas of coalescence, PG-CB complexes associated with collagen fibrils 
lwheads) are still evident. No PG-CB complexes are observed in the elastic fibers (EL). x 44000. B. Coronally secl boned 
:cular beam from an 89-year-old normal eye. PG-CB complexes are associated with the basal lamina of trabc scular 
thelial cells. The areas devoid of the PGCB complexes demonstrated a fibrillar matrix material in which the collagen fibers 
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et al., 1986). Type VI collagen has been shown to be 
present as filaments between type I and III collagen 
fibrils in many organs (Cho, Covington and Cintron, 
1990: Keene, Engvall and Glanville, 1988; Amenta 
et al.. 1986: Amenta. Gil and Martinez-Hernandez, 
1988; Von der Mark et al., 1984). It has also been 
demonstrated that pre-digestion with chondroitinase 
ABC enhances binding of the monoclonal antibody to 
type VI collagen in developing and healing rabbit 
cornea (Cho et al., 1990). In adult human trabecular 
meshwork (Gong, 1991), type VI collagen could be 
Iabelled by a monoclonal antibody (Engvall) only after 
chondroitinase ABC digestion. These studies suggest a 
possible interaction between type VI collagen and 
small collagen associated sulfated PGs. The nature of 
the relationship between the loss of small PG-CB 
complexes and increase of the unidentified matrix 
material, and whether type VI collagen is a component 
of this unidentified matrix material are still unclear at 
present and warrant further study. 

It was not possible to demonstrate a statistically 
significant increase in coalesced collagen with age in 
the JCT areas. In the JCT region of infant and young 
adult eyes, there was more fine fibrillar material with 
which PGs (KS) were associated. In addition, some 
collagen fibrils associated with PGs (DS and CS). were 
mixed with this fine fibrillar material. In the eyes older 
than 50 years, these fine fibrillar structures decreased, 
while sheath material (plaque material) of elastic fibers 
increased. No PG-CB complexes were found in this 
sheath-derived ’ plaque material ‘. Previous morpho- 
metric studies had shown that ground-fibrillar ma- 
terial decreased and electron-dense material increased 
with age (McMenamin and Lee, 1980; McMenamin, 
Lee and Aitkin, 1986 ). More sheath-derived ‘plaque 
material’ was reported in normal aging trabecular 
meshwork (Liitjen-DrecoII et al., 1986). Because most 
JCT areas were occupied by the ‘plaque materials ’ 
derived from the sheath material of the elastic fibers. 
few identifiable collagen fibrils were present in the 
photographs used for grading. More studies will be 
needed in this region. 

Large. thick collagerl-associated PG-CB complexes. This 
type of PG-CB complex was located between the 
boundaries of the collagen bundles, in the ‘empty’ 
spaces between the collagen and the basal Iamina of 
endothelial cells of the trabecular beams, between the 
collagen fibers in the JCT area, and sometimes in 
association with individual collagen fibrils. These 
PG-CB complexes were easily found in infant eyes. 
becoming less prominent in the young adult and older 
eyes. These PG-CB complexes have been found in 
sclera (present studies: van Kuppevelt et al.. 1987) 
and in various non-ocular tissues including lung (van 
Kuppevelt et al.. I Y 85). tendon (van Kuppevelt et al.. 

JO3 

1987). arteries (Viilker et al., 1986, 1987), and 
prostate (Chan and Wong, 1989). In the trabecular 
meshwork, close examintion of the PGs present in 
apparently ‘empty’ spaces revealed that the PGs were 
actually associated with a fine filamentous network, 
which was not easily recognizable in Karnovsky-fixed 
specimens. In bovine and human arterial tissues 
(Viilker et al., 1986, 1987). human lung (van 
Kuppevelt et al., 1985). and developing rabbit cornea 
(Cintron and Covington, 1990). large PG-CB com- 
plexes were also reported to be bound to a filamentous 
structure as well. Unfortunately, the nature of this 
filamentous material remains uncertain. 

In the trabecular meshwork, these large, thick 
collagen-associated PG-CB complexes decreased from 
infant to adult. However, a similar decrease in these 
PGs was not evident in the adjacent sclera. In 
developing mouse lung, large PG-CB complexes, 
sensitive to chondroitinase ABC or chondroitinase AC, 
have been reported, which were most abundant 
around 2 days post-natally. These complexes were 
shown to decrease from day 10 on and no longer 
observed by day 27 (Rutten et al., 19871. Chondro- 
itinase ABC-sensitive, large PG-CB complexes were 
also reported in developing rabbit cornea, but not in 
the adult rabbit cornea (Cintron and Covington. 
1990). Most recently, these large PG-CB complexes 
were shown to appear early in cornea scar de- 
velopment and decrease as healing progressed (Rawe 
et al., 199 1). These studies suggest that large PG-CB 
complexes might be involved in both developmental 
and tissue repair processes. In the trabecular mesh- 
work, the decrease in large, thick collagen-associated 
PG-CB complexes which occurs from infant to adult, is 
likely a developmental process. The lack of such 
changes in the sclera during this same period suggests 
that the meshwork and sclera may be under different 
influences during this period. 

Basal Lamina-associated PG-CB Complexes 

The basal lamina-associated PGs 0%) of the tra- 
becular endothelial cells and inner wall cells in infant 
eyes were distributed over both the inner and outer 
surfaces of the basal lamina. In young adult and older 
eyes, however, fewer PG-CB complexes remained and 
most of them were distributed along the outer surface 
of the basal lamina. Because of the relatively low 
sample number and the variability in the density of 
basal lamina associated PG-CB complexes that existed 
in both the young adult and older eyes, no statistically 
significant differences could be demonstrated between 
these groups as a whole. 

The changes in distributional pattern between 
infant and young adult eyes suggest that certain 

are embedded. The fibrillar material is arranged perpendicular to the long axes of the collagen fibers, at regular intervals with 
a periodicity of 100 nm (arrows). An amorphous material is seen between the fibrillar material. PG-CB complexes are evident 
in areas outside the bands (arrowheads). No PG-CB complexes are present within the elastic fibers. x 44 800. 
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PIG. 9. Sulfated PGs in the JCT area of the older eye. A radially sectioned JCT area in the trabecular meshwork from a HY- 
year-old normal eye. The PG-CB complexes are associated with the basal lamina (BL) (arrowheads) of the endothelial cells of 
Schlemm’s canal (SC), and collagen fibrils (arrows). No PG-CB complexes are found within the sheath derived ‘plaque 
materials’ (*) of elastic fibers. Black particles present over endothelial cell represent staining of ribosomes. x 44 800. 

changes of basal lamina associated PGs are devel- 
opmental rather than aging related. Given that 
heparan sulfate in the trabecular meshwork likely 
interacts with other basement membrane components 
such as Type IV collagen and laminin (Murphy et al., 
198 7) to provide physical support for the endothelial 
cells in the trabecular meshwork, the variability we 
found in the amount of HS present raises the question 
of whether a larger sample would point to a possible 
relationship between loss of HS and the previously 
documented trabecular endothelial cell decrease that 
occurs with age (Alvarado et al., 1981. 1984). 

Yossible Relationship ef PGs to Aqueous Out.ow 

One of the hallmarks of the aging process is a 
decrease of GAGS in most connective tissues of the 
body (Roberts and Roberts, 19 73), including lung 
(Konno et al.. 1982). intervertebral disk (Hallen. 
1958: Urban and McMullin. 19851, skin (Fleisch- 
majer. Perlish and Bashley. 1973). aorta (Clausen. 
1962a. b: Stuhlsata et al.. 1982) and myocardium 
(Clausen, 1962a, b). Only the cornea appears to 
maintain its GAG content with age (Buddecke and 
Wollensak, 1966). Since glaucoma is a disease related 
to aging, it is rather surprising that there has not been 
a systematic investigation as to prevalence of GAGS in 
the outflow pathway as a function of age. 

In the present study, we have demonstrated that. as 
in most connective tissues, aging of the trabecular 
meshwork is associated with a loss of certain GAGS. 
We propose here several mechanisms by which loss of 
GAGS from a tissue might result in a decreased 
hydraulic conductivity of the tissue. It is first important 
to note that while GAGS have been implicated in the 
generation of flow resistance in many connective 
tissues: recent evidence (Ethier et al.. 1986: Levick. 
1987) suggests that proteins rather than GAGS are 
more likely candidates for the bulk of connective tissue 
flow resistance. In this regard, it is important to note 
that the reduction of tissue flow resistance attributable 
to GAGases is due to removal of the entire macro- 
molecular complexes, not just the GAGS. GAGS, 
however, are thought to be responsible for tissue 
hydration (Comper and Laurent. 1978) and tissue 
elastic modulus (Frank et al., 1987). Loss of GAGS 
relative to the other constituents of’ the extracellular 
components, may lead to a decreased tissue hydration. 
tissue compression and a concomitant increased 
extracellular protein concentration. This increased 
protein concentration would be expected to result in a 
decreased tissue hydraulic conductivity. IJse of mod- 
elling techniques (johnson. Kamm and Ethier. 1990) 
confirm this conclusion. 

A reduction in GAG content, relative to collagen, 
may also have relevant physicochemical effects. 
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FIG. 10. The criteria for grading of the basal lamina- 
associated PCs. Four different grades [0 (A), 1 (B), 2 (C), and 
3 (C)] were assigned based upon the relative density of 
PG-CB complexes associated with basal lamina of the 
endothelial cells (EN). x 48 000. 

Collagen has a number of hydrophobic regions 
(Chiang and Lukton, 19 75 ; Guitton, Le Pape and 
Muh, 1984). The highly hydrophilic moieties DS and 
CS are closely associated with collagen in the 
trabecular meshwork just as in many other connective 
tissues such as tendon (Scott et al., 198 1; van 
Kuppevelt et al., 1987), lung (van Kuppevelt et al., 
1987). arteries (VGlker et al., 1986, 1987), inter- 
vertebral disk (Scott and Haigh, 1986) and prostate 
(Chan and Wong, 1989). We postulate that one of the 
functions of these collagen-associated PGs is to shield 
the hydrophobic surfaces of collagen from exposure to 
the extracellular media. Although loss of collagen 
associated PGs with age in the trabecular beams may 
not be relevant to outflow resistance at the beginning, 
as the endothelial cell covering of the trabecular 
meshwork is progressively lost with age (Alvarado 
et al., 1981) one might expect that within denuded 
areas of trabecular beams, exposed hydrophobic sites 
on the surface of collagen fibrils would be driven 
together and hence could lead to trabecular beam 
‘fusion ‘. which has been described by several investi- 
gators examining the morphology of end-stage glauco- 
rllatous eyes (Alvarado, 1986). Further studies will be 
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FIG. 11. Grading of the basal lamina-associated PGs in the 
three areas of the trabecular meshwork. Grading of the basal 
lamina-associated PGs in the three areas of the trabecular 
meshwork is shown as a function of age (mean + S.E.): uveal 
beams (A), corneoscleral (CS) beams (B), and JCT areas (C). 
The mean of the l-month-old eyes is statistically different 
from the mean of all other eyes in each group. The dashed 
lines represent best least-square linear fit to the data 
excluding the infant eyes. No relationship between age and 
the amount of basal lamina associated PGs is found when 
the infant eyes are excluded. 

needed to determine whether these changes are 
relevant to age-related increase in outflow resistance 
(Becker, 1958; Gaasterland et al., 1978), either 
directly or through subsequent adsorption of aqueous 
humor borne proteins. Johnson et al. (1986) demon- 
strated that proteins in aqueous humor can generate 
a substantial flow resistance when passed through 
microporous filters, while Ethier et al. (1989) and 
Pavao et al. (1989) found that this elevated flow 
resistance is due to accumulation of proteins on these 
filters that interact hydrophobically with the filter 
surface. Thus, it is possible that PGs depletion and 
exposure of hydrophobic sites in the aqueous outflow 
pathway could represent the physiologic analogue of 
the microporous filter studies. 
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Frc;. 12. The criteria for grading of the relative areas of coalesced collagen in the trabecular meshwork. Four different levels 
(O-3) are used for grading the areas of coalesced collagen which is operationally defined as regions where the collagen fibrils 
are sufficiently compacted so as to make individual fibrils difficult to discern. Note that the collagen associated PGs are lost in 
these areas (arrowheads). A, Grading of 0 indicates total absence of coalesced collagen. B, Grading of 1 indicates less than one- 
third of the area contains coalesced collagen. C. Grading of 2 indicates less than two-thirds of the area contains coalesced 
collagen. D, Grading of 3 indicates more than two-thirds of the areas contains coalesced collagen. EN, Endothelium : RI 1, basal 
lam&a. x 42 000. 
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FIG. 13. Grading of the relative areas of coalesced collagen 
in the three areas of the trabecular meshwork. The result for 
grading of the relative areas of coalesced collagen in the 
three areas of the trabecular meshwork is shown as a 
function of age (mean f SE.) : uveal beams (A), corneoscleraf 
(CS) beams (B), and JCT areas (C). The dashed lines represent 
best least-square fit to the data. The relative areas of 
coalesced collagen increase with age in both uveal beams 
and CS beams in a statistically significant fashion. No 
relationship is found between age and the relative areas of 
coalesced collagen in the JCT area. 

At present, however, this scenario remains hy- 
pothetical. Further studies will be needed to determine 
whether loss of sulfated PCs play a role in increased 
aqueous outflow resistance that characterizes glau- 
coma. Studies aimed at identifying differences in 
sulfated PGs between the primary open-angle giau- 
coma eyes and age-matched normal controls are 
currently in progress. 
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