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PURPOSE. Heparan sulfate (HS) has been implicated in age-related macular degeneration
(AMD), since it is the major binding partner for complement factor H (CFH) in human Bruch’s
membrane (BrM), and CFH has a central role in inhibiting complement activation on
extracellular matrices. The aim was to investigate potential aging changes in HS quantity and
composition in human BrM.

METHODS. Postmortem human ocular tissue was obtained from donors without known retinal
disease. The HS was purified from BrM and neurosensory retina, and after digestion to
disaccharides, fluorescently labeled and analyzed by reverse-phase HPLC. The HS and
heparanase-1 were detected by immunohistochemistry in macular tissue sections from young
and old donors, and binding of exogenously applied recombinant CCP6-8 region of CFH
(402Y and 402H variants) was compared.

RESULTS. Disaccharide analysis demonstrated that the mean quantity of HS in BrM was 50%
lower (P ¼ 0.006) in old versus young donors (average 82 vs. 32 years). In addition, there was
a small, but significant decrease in HS sulfation in old BrM. Immunohistochemistry revealed
approximately 50% (P ¼ 0.02) less HS in macular BrM in old versus young donors, whereas
heparanase-1 increased by 24% in old macular BrM (P ¼ 0.56). In young donor tissue the
AMD-associated 402H CCP6-8 bound relatively poorly to BrM, compared to the 402Y form. In
BrM from old donors, this difference was significantly greater (P ¼ 0.019).

CONCLUSIONS. The quantity of HS decreases substantially with age in human BrM, resulting in
fewer binding sites for CFH and especially affecting the ability of the 402H variant of CFH to
bind BrM.
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Age-related macular degeneration (AMD) is the leading cause
of blindness in developed countries.1,2 Genetic and

biochemical evidence has strongly implicated dysregulation of
the complement system in disease pathogenesis.3–5 Polymor-
phisms and rare variants in the genes for several different
complement components and regulators are associated with
increased or decreased AMD risk.6–12 In particular, the Y402H
polymorphism in complement factor H (CFH) has been
demonstrated consistently as a common and important risk
factor.6–9,11–13 The disease-associated 402H form is present in
approximately 30% of individuals of Caucasian descent, and
those homozygous for this allele have over 5-fold increased risk
of AMD.13

Drusen, the extracellular deposits found in the macular
Bruch’s membrane (BrM) that are characteristic of early AMD,
are known to contain complement components, including

activation products and regulatory proteins.4,14–16 In addition,
the membrane attack complex (MAC) has been observed
consistently by immunohistochemistry in human BrM and the
choriocapillaris,6,17–19 and its level was found to increase with
age.20 Importantly, the amount of MAC in human BrM/choroid
is significantly higher in individuals who are homozygous for
the CFH 402H polymorphism.21

A novel potential mechanism linking the Y402H polymor-
phism and AMD risk was suggested by the finding that the main
binding partner of CFH in human macular BrM is heparan
sulfate (HS), and that the 402H form of CFH binds poorly to
human BrM HS, in comparison with the 402Y form.22,23 The
Y402H polymorphism alters the specificity of CFH for HS such
that the 402H variant requires a high level of sulfation for
binding.24,25 The BrM is important in AMD pathogenesis, since
this extracellular matrix is a site of drusen formation.26,27 In
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addition, in this acellular environment, CFH is the only
negative regulator of the complement alternative pathway,
whereby it has a key role in preventing the amplification of
complement activation.3,5

Heparan sulfate is a member of the glycosaminoglycan
(GAG) family of long unbranched polysaccharides, and is
composed typically of approximately 50 to 200 repeating
disaccharides of glucuronic acid (GlcA) or iduronic acid linked
to N-acetylglucosamine (GlcNAc).5,28,29 The HS chains, as is
the case for most other GAGs, are found covalently attached to
proteoglycan (PG) core proteins; that is, forming an HSPG.30,31

In extracellular matrices containing basement membranes, like
human BrM, HSPGs include perlecan, agrin, and collagen-
XVIII.32 The variable substitution of sulfate groups at distinct
positions within the repeating disaccharide leads to a large
number of possible sequence permutations; it is this enormous
structural heterogeneity between different HS chains that
underpins the great diversity in their biological func-
tions.5,28,29,33 The HS and HSPGs, which are widely distributed
throughout human macular tissue layers,32,34 are involved in
many aspects of cell-matrix interaction and the regulation of
inflammation.35,36 In addition to its role in ocular disease,
which recently has been reviewed,37 HS has been implicated in
Alzheimer’s disease pathogenesis38 (which has important
parallels with geographic atrophy39,40), as well as cancer
metastasis and angiogenesis41,42 (which has similar parallels
with choroidal neovascularization).

Previous studies have shown that the 402Y form of CFH can
bind to a wide range of HS structures, as demonstrated by in
vitro experiments with selectively desulfated heparin prepara-
tions.24,25 By comparison, the AMD-associated 402H form of
CFH has a narrow specificity and requires a high degree of
sulfation. Therefore, we hypothesized that, if there were an
age-related decrease in the amount or sulfation of HS in human
BrM, this could contribute to AMD pathogenesis,3,22,28 with
the Y402H polymorphism in combination with age-related
changes in HS resulting in decreased CFH binding and failure to
regulate complement activation.

In this study, we have characterized/quantitated HS from
human BrM and neurosensory retina (NSR) from donors of
different age; that is, by reverse-phase HPLC (RP-HPLC) of
fluorescently-labeled HS disaccharides. Age-related changes in
HS and heparanase-1 were investigated by immunofluorescent
microscopy, along with the ability of the CCP6-8 region of CFH
to recognize and bind BrM, comparing the 402Y form and the
AMD-associated 402H variant.

METHODS

HS Extraction

Postmortem human eyes were obtained from the Manchester
Eye Bank after removal of the corneas for transplantation. In all
cases prior consent had been obtained for the ocular tissue to
be used for research, and guidelines established in the Human
Tissue Act 2004 were followed. Our research adhered to the
tenets of the Declaration of Helsinki. Eyes were from human
donors without known retinal disease or visual impairment.

We dissected 34 globes (17 pairs from 17 donors, in two age
groups between 26 and 92 years; see Supplementary Table S1)
as previously described32 to obtain the NSR and, separately,
isolated BrM. Briefly, the NSR was obtained by gripping it with
forceps and cutting it at its point of attachment to the optic
disc. The RPE/BrM/choroid tissue complex then was obtained
by gentle dissection from the sclera, and isolated BrM obtained
by removing the RPE and the choroid through repeated
application of a cell scraper to both sides until a homogeneous

gray tissue layer was left. For each donor, the respective tissues
were pooled from both eyes. The GAGs then were extracted
separately from the BrM and NSR using a previously described
method.43 Briefly, samples were disaggregated mechanically
and treated with pronase (7 U [1 mg] per sample, from
Streptomyces griseus; Roche Diagnostics Ltd, Burgess Hill, UK)
in 10 mL of PBS (Oxoid; 137 mM NaCl, 2.6 mM KCl, 8.2 mM
Na2HPO4, 1.5 mM KH2PO4, pH 7.3) for 4 hours at 378C. Triton
X-100 was added to a final concentration of 1% (vol/vol) for 2
hours at room temperature before a further 7 U of pronase was
added for 4 hours at 378C. Preparations then were loaded onto
a 1 mL diethylaminoethanol (DEAE)–Sepharose Fast Flow
(Fisher Scientific UK Ltd., Loughborough, UK) column, pre-
equilibrated with 0.15 M NaCl, 20 mM NaH2PO4.H2O (pH 7.0),
and washed with 50 mL of 0.25 M NaCl, 20 mM NaH2PO4.H2O
(pH 7.0) to remove hyaluronan. The GAGs were eluted with
5 mL of 1.5 M NaCl, 20 mM NaH2PO4.H2O, desalted using a
PD10 column (Amersham Biosciences, Little Chalfont, UK),
and freeze-dried.

Preparation and Analysis of 2-Aminoacridone
(AMAC)–Labeled Disaccharides

The HS chains in the GAG samples were digested using 5 mIU
each of heparinase I, II, and III (from Flavobacterium

heparinum; Iduron, Manchester, UK) in 100 lL of 0.1 M
sodium acetate and 0.1 mM calcium acetate (pH 7.0). The
resulting disaccharides then were freeze-dried and redissolved
in 10 lL of 0.1 M AMAC in 85% Me2SO, 15% acetic acid (vol/
vol) and incubated at room temperature for 20 minutes.
Subsequently, 10 lL of 1 M NaBH3CN was added to each
reaction, and the tubes were incubated at room temperature
overnight. The AMAC-labeled disaccharides were separated by
RP-HPLC in duplicate/triplicate using a Zorbax Eclipse XDB-
C18 RP-HPLC column (3.5 lm, 2.1 3 150 mm; Agilent
Technologies, Stockport, UK), as described previously.43,44

Disaccharide types were identified/quantitated in comparison
with AMAC-labeled commercial disaccharide standards (Idur-
on). The experiments were performed in four batches (each
containing young and old donors), which were run on separate
days.

Integration analysis of peak areas enabled relative quantifi-
cation of HS disaccharides and HS composition. The following
AMAC-labeling disaccharide correction factors were deter-
mined following labeling of known amounts of disaccharide
standards (according to the method described by Deakin and
Lyon44) and used for relative quantification: UA2S-GlcNS6S,
1.29; UA-GlcNS(6S), 1.19; UA(2S)-GlcNS, 1.0; UA-GlcNS, 1.12;
UA-GlcNAc(6S), 1.11; UA-GlcNAc, 1.04. Each component of HS
composition was compared between young and old donors by
2-tailed Student’s t-test after logit transformation to correct for
the ratiometric and compositional nature of the data.45 Total
HS quantity values were obtained for each sample by summing
the quantity values of the individual HS disaccharides for that
sample from the compositional analysis. The total HS quantity
values underwent logarithmic transformation before statistical
analysis to stabilize variance.46,47 A 2-way ANOVA was applied
to test for significant differences between the donor age groups
while controlling for the batch effect. A likelihood ratio of the
ANOVA model with and without interaction showed no
significant batch-age group interaction. Since the model
without interaction explained the data better (the Akaike
information criterion was lower), statistical testing was done
by performing 2-way ANOVA with Type II sum of squares on
the reduced model (i.e., without interaction). In addition, since
the BrM and NSR samples for each donor always were in the
same batch, the ratio between them was not subject to batch
effect. Therefore, testing for a difference in this ratio between
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donor age groups could be performed with a 2-tailed Student’s
t-test.

Preparation of Tissue Sections for
Immunofluorescence Microscopy

As above, donor eyes were obtained from the Manchester Eye
Bank, all without known retinal disease or visual impairment
(see Supplementary Table S2 for ages and other details).

Donor eyes were fixed in 4% (vol/vol) formaldehyde for two
hours at room temperature, as described previously.22,32,34

Briefly, the macular region was removed using a 5-mm biopsy
punch (SCHUCO International, London, UK) and further fixed
in 4% (vol/vol) formaldehyde for 16 hours at 48C. Each sample
was set in OCT cryoprotectant (RA Lamb, Eastbourne, UK);
5-lm tissue slices were made using a Leica CM1850 cryostat
and these were mounted on poly-L-lysine coated microscope
slides (Menzel-Gläser, Saarbrückene, Germany). Slides were
stored at�808C before immunohistochemical analysis.

Immunolocalization of HS and Heparanase-1 in
Human Macula

Immunohistochemistry experiments for HS were performed by
application of monoclonal antibodies specific for HS (10E4 and
3G10), in association with fluorescently labeled secondary
antibodies, to human eye sections, as described previously.34

The 10E4 monoclonal antibody recognizes a common N-
sulfated epitope within HS, while the 3G10 monoclonal
antibody recognizes HS stubs after digestion with heparinase
III.48 Therefore, together, they may be used to determine the
overall distribution of HS in tissues. Heparanase-1 was detected
using polyclonal antibody 733.49

Before staining, microscope slides were incubated with
chilled (�208C) histological grade acetone (Sigma, Poole, UK)
for 20 seconds before being washed thoroughly in PBS. Squares
were drawn round each tissue section using a hydrophobic
barrier pen (VectaLabs, Peterborough, UK) to prevent treat-
ment contamination from adjacent sections. Pretreatment with
heparinase III (10 lU/mL in PBS at 378C for 2 hours; Iduron)
was done before staining with 3G10. The tissue sections then
were blocked by incubation at room temperature for 1 hour
with PBS containing 1 mg/mL BSA, 1% (vol/vol) goat serum and
0.1% (vol/vol) Triton X-100.

For each experiment, the relevant antibody was diluted
1:100, applied to tissue sections (100 lL/section), and
incubated for 16 hours at 48C. After extensive washing with
PBS, goat anti-mouse IgG/IgM (or goat anti-rabbit IgG for
heparanase-1 staining) AlexaFluor488–conjugated secondary
antibody (Invitrogen, Paisley, UK), diluted 1:100 in PBS, was
added to each tissue section for 2 hours at room temperature.
Finally, 406-diamidino-2-phenylindole (DAPI) was applied as a
nuclear counterstain (at 0.5 lg/mL in PBS for 10 minutes)
before mounting with Vectashield medium and application of a
coverslip. Control experiments were conducted where tissue
sections were treated with blocking buffer instead of primary
antibody, and where heparinase III digestion was omitted
before 3G10 staining.

Relative Binding of CFH CCP6-8 402H and 402Y
Variants to BrM

Recombinant proteins representing the AMD-associated poly-
morphic region of CFH (comprising CCP domains 6–8) were
made for 402H and 402Y variants, as described previously.24

Both proteins were labeled equally with different fluoro-
phores, and equimolar amounts of both proteins were mixed

together and applied exogenously to human eye tissue
sections, where their relative fluorescent intensities on BrM
were determined and analyzed as described previously.22

Staining was performed on five donors in their 30s and five
donors in their 80s (for details see Supplementary Table S3).
For each age group, the fluorescent intensity values obtained
were normalized using the 402Y variant signal, and then
represented as percentage binding.

Image Capture and Data Analysis

Images were collected on an Olympus BX51 upright micro-
scope using a 310/0.30 Plan Fln objective and captured using a
Coolsnap ES camera (Photometrics, Maidenhead, UK) operated
with MetaVue Software (v6.1; Molecular Devices, Sunnyvale,
CA, USA), using specific band pass filter sets for FITC and DAPI,
as described previously.32,34 Images were analyzed using
ImageJ64 (v1.40g; available in the public domain at http://
rsb.info.nih.gov/ij).

Relative quantification of HS and heparanase-1 in BrM of
young versus old donors was determined as described below;
the experiment was performed blind with respect to the age of
the donor tissue. The same technique was used for exoge-
nously applied 402H and 402Y variants of CFH CCP6-8
domains. Grayscale images of macular BrM were analyzed with
ImageJ for each donor (one test section and one control
section). For each section, three areas were selected at random
locations (i.e., left, middle, and right) along the full length of
BrM imaged, each of length 100 lm (as demonstrated in
Supplementary Fig. S1). In each area, a polygon was drawn
around BrM. ImageJ then was used to calculate the mean
fluorescence per unit area within the polygon, and the area
enclosed. These were multiplied to obtain a value representing
the total quantity of fluorescence for a standardized (100 lm)
length of BrM (i.e., independent of differences in membrane
thickness between donors). The mean control signal then was
subtracted from the mean test signal. Statistical analysis was
performed using 2-tailed Student’s t-test after logarithmic
transformation.

RESULTS

Analysis of HS Disaccharides in BrM and NSR by
RP-HPLC

The BrM and NSR samples were obtained and pooled from
both retinas of individual human donors of differing age. The
GAGs were extracted and purified separately for each tissue
sample, and the HS chains digested into disaccharides using
bacterial heparinase enzymes. Disaccharides were labeled with
AMAC (a fluorescent dye) and analyzed using single-step RP-
HPLC, leading to the detection of six major HS disaccharides in
BrM and NSR samples.43,44 Integration analysis of peak areas
enabled quantification of these disaccharides relative to
standards, and the total HS quantity of each sample was
obtained by summing the values of the six constituent HS
disaccharides.43,44

Figure 1A shows the composition of HS from BrM in young
versus old donors, along with the percentages of N-sulfated, 6-
O-sulfated, and 2-O-sulfated disaccharides determined from the
six disaccharides. The proportion of the UA(2S)-GlcNS
disaccharide (i.e., 2-sulfated uronic acid with N-sulfated
glucosamine) was significantly lower in old versus young
donors (P ¼ 0.021). By contrast, the proportion of the
completely unsulfated UA-GlcNAc disaccharide (uronic acid
with N-acetylglucosamine) was significantly higher in the old
donor tissues (P ¼ 0.017); the other four disaccharides, while
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all being at slightly lower levels in the BrM from old donors,
were not statistically significant. Overall, the mean proportions
of N-sulfated, 6-O-sulfated, and 2-O-sulfated HS disaccharides
were lower in BrM from old compared to young donors (Fig.
1A); this difference was significant for N-sulfated disaccharides
(P ¼ 0.037), but did not reach statistical significance for 6-
O-sulfated (P ¼ 0.12) or 2-O-sulfated disaccharides (P ¼ 0.15).
Taken together these results indicated that HS sulfation in BrM
decreases slightly with age.

For HS from the NSR, the degree of sulfation (Fig. 1B)
generally was higher than HS from BrM, including the
proportions of N-sulfated, 6-O-sulfated, and 2-O-sulfated HS
disaccharides. In contrast to the results for BrM, the degree of
HS sulfation was very similar in both age groups; that is, no age-
related alteration in HS sulfation in the NSR was observed.

Substantial changes were seen in the total quantity of HS
from young versus old BrM, whereas there was no age-related
change in the amount of HS in NSR. For example, the ratio of
HS in BrM to that in NSR was significantly lower in the old
compared to the young age group (P ¼ 0.024, Fig. 2).
Furthermore, the quantity of HS in BrM was on average

49.7% lower (P ¼ 0.006, Fig. 3) in the old compared to the
young donor tissue; no such reduction in HS was seen in the
NSR (P ¼ 0.57). Hence, we have identified a significant and
substantial age-related decrease in the amount of HS in BrM,
with a 50% lower level in old versus young donors (mean ages
of 82 and 32 years, respectively).

Analysis of HS in Macular BrM by
Immunohistochemistry

In the above experiments, the entire BrM was analyzed (pooled
from two eyes) to provide sufficient tissue for disaccharide
analysis. Therefore, to determine whether age-related changes
in HS occur within BrM from the macular region alone,
immunolocalization of HS using 10E4 and 3G10 antibodies was
done using the methodology we have described previously.34

The quantity of HS immunolabeling was calculated, adjusting
for the thickness of BrM, since this is known to vary with
age.50–52 As demonstrated by the representative images in
Figures 4B and 5B, the degree of HS immunofluorescence in
BrM is more intense in the young compared to the old donor

FIGURE 1. Compositional analysis of HS disaccharides by RP-HPLC comparing tissue from young versus old donors: (A) BrM, (B) NSR. Results are
shown for each age group as mean total percentages (6 SEM) for each of the six HS disaccharides analyzed. In addition, the mean total percentage
proportions of N-sulfated (NS), 6-O-sulfated (6S), and 2-O-sulfated (2S) HS disaccharides are shown. Statistical significance was determined, for the
comparison of HS from young versus old donor tissues, by Student’s t-test after logit transformation; *P < 0.05.
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sections (i.e., for the 10E4 and 3G10 antibodies). In the case of
10E4 (Fig. 4B), this gave a localization pattern that essentially
was identical to that which we have reported previously in old
donor tissues (59–82 years)34; that is, with strong (relative)
staining in the RPE and BrM, and moderate staining in the
choroidal stroma and blood vessel walls. While less intense,
3G10 gave a similar pattern of staining (Fig. 5B) compared to
10E4. Quantitation of the HS staining in the BrM from six old
and five young donors (see Supplementary Table S2) revealed
that the mean level of HS in macular BrM was 61% (P¼0.02) or
48% (P ¼ 0.03) lower in the old compared to young donors;
that is, using 10E4 (Fig. 4A) and 3G10 (Fig. 5A) antibodies,
respectively.

Analysis of Heparanase-1 in Macular BrM

The age-related reduction of HS in human BrM (described
above) could be due to the loss of HS itself through increased
enzymatic degradation with age (e.g., by heparanase-153).
Thus, immunofluorescent microscopy was done to compare
the level of heparanase-1 in young and old macular tissue (five
and seven donors, respectively; see Supplementary Table S4).
Heparanase-1 staining was present in the BrM of all donor
macular tissues (see Fig. 6B for representative images).
However, while the degree of immunolabeling was on average
24% higher in old donors, this was not statistically significant
(P ¼ 0.56, Fig. 6A).

The Binding of Exogenously Applied CFH CCP6-8
402H and 402Y Variants to Macular BrM

As observed previously, in older donor tissue, the disease-
associated 402H form of CFH bound significantly less well to
BrM (Fig. 7).22 However, when repeated using younger donor
material, the difference between the binding levels of the two

variants was significantly smaller (P¼ 0.019, Fig. 7), indicating
that the observed effect of the AMD-associated Y402H
polymorphism in this region of CFH becomes more pro-
nounced with age.

DISCUSSION

In this study, we used a highly sensitive labeling method in
conjunction with RP-HPLC to investigate changes with age in
the composition and quantity of HS in human BrM, as well as in
the NSR for comparison. This showed that the amount of HS in
BrM (but not NSR) decreases significantly and substantially
with age, by approximately 50% between samples with mean
ages of 32 and 82 years. This is accompanied by a small but
significant change in HS composition, with a reduction in the
degree of sulfation; while the HS in the NSR was significantly
more sulfated than that in the BrM, there was no age-related
change in HS composition in this tissue. The immunohisto-
chemical analyses also demonstrated that the quantity of HS in
human BrM decreases with age, and that this occurs within the
macular region.

The strengths of this study include the use of a validated,
highly sensitive, method of HS detection alongside reference
standards.43,44 This enabled us to analyze potential changes in
HS quantity/composition at the level of individual human
donors, rather than reporting on pooled tissue from several
individuals; each sample was run in duplicate or triplicate, and
the results were analyzed while blinded to donor age or tissue
type. Hence, we have been able to observe the degree of
interindividual variation in HS levels; we had expected to see
some heterogeneity; for example, due to biological variation,
differences in postmortem time, cause of death, and so forth.
However, from the data on BrM and NSR, it can been seen that
there is remarkable consistency between the HS prepared from
different donors, for example with highly similar compositions
and small errors, at least for the disaccharides analyzed here
(Fig. 1B). Analysis of isolated BrM represents an improvement
over previous studies (e.g., of macular homogenates54). This
has revealed clearly that age is the major variable affecting the
composition/quantity of HS within BrM. However, the limits of
detection by RP-HPLC meant that we had to use tissue from the
whole retina (pooled from both eyes from a particular donor),
rather than the macula only. Another limitation with the RP-
HPLC approach is that results are presented as a global mean of
sulfation at the level of HS disaccharides; hence, some
differences in regional sulfation patterns between young and
old donors might be missed. For this reason, and to provide

FIGURE 2. Box plot showing the ratio of HS quantity in BrM relative to
NSR (Retinal) in young versus old donors. Results are shown for each
age group as the median (bold horizontal line), first and third quartiles
(box), 95% quintiles (whiskers), together with the raw data-points
(crosses). Data are presented on the logarithmic scale. The ratio was
significantly lower in the old age group (Student’s t-test, P¼ 0.024).

FIGURE 3. Plot showing the mean percentage difference in HS quantity
between young and old donors for BrM and NSR. Results are shown as
mean and 95% confidence interval following statistical testing by 2-way
ANOVA. For BrM, the quantity of HS was 50% lower in old donors (P¼
0.006); **P < 0.01.

Heparan Sulfate in Human Bruch’s Membrane IOVS j August 2014 j Vol. 55 j No. 8 j 5374

Downloaded from iovs.arvojournals.org on 06/30/2019

http://www.iovs.org/content/55/8/5370/suppl/DC1
http://www.iovs.org/content/55/8/5370/suppl/DC1


FIGURE 4. Immunolocalization and quantification of HS in macular BrM from young versus old donors, using 10E4 monoclonal antibody. (A)
Quantification of 10E4 staining in BrM; the median (horizontal line), first and third quartiles (box), and 95% quintiles (whiskers) are shown;
statistical significance was determined using Student’s t-test (*¼ P < 0.05). (B) Representative images of HS staining by 10E4 (green staining) in
young (M15468, 18 years) and old (M15721, 89 years) donors. Blue staining represents nuclear labeling by DAPI, and the scale bar indicates 50 lm.

FIGURE 5. Immunolocalization and quantification of HS in macular BrM from young versus old donors, using 3G10 monoclonal antibody following
heparinase III digestion. (A) Quantification of 3G10 staining in BrM; the median (horizontal line), first and third quartiles (box), and 95% quintiles
(whiskers) are shown; statistical significance was determined using Student’s t-test (*P < 0.05). (B) Representative images of HS staining by 3G10
(green staining) in young (M15468, 18 years) and old (M15721, 89 years) donors. Blue staining represents nuclear labeling by DAPI, and the scale

bar indicates 50 lm.
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additional ‘‘structural’’ information, we also performed immu-
nofluorescence microscopy for HS in human macular sections,
though we acknowledge that immunofluorescence is semi-
quantitative; that is, fluorescence intensity is not always
proportional to the amount of antigen. However, immunoflu-
orescence was performed using two separate antibodies and in
a standardized manner (e.g., same microscope settings used for
all imaging and imaging performed at one sitting for all donors
in each experiment) to maximize confidence in this approach.

Previous studies have demonstrated tissue-specific differ-
ences in HS structure.55–58 Here, we have seen that such
variations can occur within two tissues that are closely
positioned (i.e., in the BrM and NSR); this is consistent with
the differential distribution of GAG epitopes present within
these regions of the human eye that we mapped using phage-
display antibodies.34 There also is evidence that HS in
particular tissues may undergo gradual changes with age. For
example, Feyzi et al.57 observed that there is a progressive
increase in 6-O-sulfation in the HS in human aorta over several
decades, accompanied by increased binding to platelet-derived
growth factors. More recently, another study58 demonstrated
an age-related decrease in the proportion of the HS disaccha-
ride UA(2S)-GlcNS(6S) on the surface of human outgrowth
endothelial cells, which correlated with a decline in their
migratory response toward VEGF. In the case of the human eye,
our work suggested that two nearby tissues (i.e., BrM and the
NSR) differ significantly in HS sulfation (perhaps reflecting
differences in their developmental origins, cellular contents,
and functions), and that BrM undergoes an age-related loss in
HS quantity and sulfation, whereas the NSR does not.

This is the first study (to our knowledge) that has
investigated systematically whether changes in HS occur in
human BrM with age. The observation of an age-related
reduction in HS quantity and sulfation within BrM has
important implications for our understanding of AMD patho-

genesis. As described previously, HS is a major binding partner
of CFH in human macular BrM,22,23 and the 402H form of CFH
requires a high degree of HS sulfation for binding.22,24,25 Thus,
the presence of less HS and its decreased sulfation in older BrM

FIGURE 6. Immunolocalization and quantification of heparanase-1 in macular BrM from young versus old donors, using polyclonal antibody 733. (A)
Quantification of heparanase-1 staining in BrM; the median (horizontal line), first and third quartiles (box), and 95% quintiles (whiskers) are shown;
statistical significance was determined using Student’s t-test (P¼0.56). (B) Representative images of heparanase-1 staining (green staining) in young
(M14209, 35 years) and old (M11913, 79 years) donors. Blue staining is labelling by DAPI; scale bars: 50 lm.

FIGURE 7. Poor binding of the 402H form of CFH to BrM becomes
more pronounced with age. Fluorescently labeled CCP6-8 proteins
(402Y and 402H forms) were applied exogenously to five younger
donors (left hand side) and five older donors (right hand side). In each
case, the percentage binding values for the disease-associated 402H
form to BrM are shown, each normalized to their respective 402Y
variant signal (i.e., young or old). The ratio of binding between the
402Y and 402H proteins was calculated for each donor set (young and
old), log2 transformed, and statistical significance was determined
using Student’s t-test, where P < 0.05 was determined to be significant.
The 402H data are shown 6 SEM; n ¼ 5.
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means that fewer binding sites are likely to be available for
CFH, particularly for the 402H variant, which appears to
interact with rather rare sequences.24

The HSPGs in mammalian tissues are thought to undergo
synthesis/turnover in a regulated manner.53 Following proteo-
glycan core protein expression, HS chains are elongated by
proteins from the EXT family and sulfate groups are added by
sulfotransferase enzymes; this all occurs within the Golgi
apparatus. In the extracellular environment, sulfates can be
removed by endosulfatases and HS chains may be broken down
by heparanase-1.53 Hence, potential mechanisms for an age-
related decrease in HS (and HS sulfation) may include
decreased biosynthesis of HSPGs, reduced HS chain length,
increased sulfatase activity, increased HS breakdown by
heparanase-1, or increased proteolytic degradation of a PG
core protein(s). We observed that the degree of reduction in
10E4 and 3G10 staining for HS was approximately similar (61%,
P ¼ 0.02 and 48%, P ¼ 0.03, respectively), suggesting that HS
chain length may remain relatively constant (or decrease only
slightly) with age, and that HS chain degradation does not
explain the loss of HS from BrM with age. In addition, there
was no significant change in the proportion of 6-O-sulfated HS
with age, arguing against a role for increased sulfatase activity
(unless this was balanced by changes in 6-O-sulfotransferase
activity). Therefore, the most likely explanation is decreased
synthesis or increased breakdown of HS core proteins. Indeed,
preliminary experiments suggest a reduction in HSPGs in BrM,
including perlecan (data not shown). This would seem to
coincide with a recent proteomic study of mouse BrM/choroid,
which observed a 56% decrease in the level of perlecan in wild
type mice from age 8 to 24 months.59

The results observed here could explain the age-depen-
dence of AMD; that is, why even those individuals with the
highest genetic and environmental risk factors do not develop
clinical disease for many decades of life. This would be
because, while HS levels are ‘‘high’’ in the first several decades
of life, CFH (even the 402H form) could still bind to macular
BrM in quantities sufficient to prevent complement activation.
However, as HS levels in BrM decrease over subsequent
decades, a threshold may be reached where CFH is unable to
bind in quantities sufficient to prevent complement activation/
amplification; this threshold might be reached more quickly in
the presence of the 402H variant, because of its restricted
specificity for HS and consequently the rarity of its binding
sites.22,24 This hypothesis is supported by previous studies
demonstrating increased complement activation in human
BrM/choroid with age20 and in 402H homozygotes.21

One previous study reported that HS (either from human
BrM/choroid or from bovine kidney) enhances CFH’s cofactor
activity for factor I–mediated cleavage of C3b; that is, HS
increases the inhibition of the activation/amplification of the
alternative pathway of complement.60 In this context, an age-
related reduction in HS levels would mean a progressive
impairment of complement regulation in BrM. As above, a
threshold might be reached at a particular age (depending on
genetic background and environmental risk factors) where
reduced HS would lead to complement overactivation, and
thereby contribute to the progression to AMD. Thus, we
hypothesize that AMD could arise through the combination of
a permissive genotype (i.e., the Y402H polymorphism, which
alters the HS-recognition properties of the CFH protein) along
with age-related changes in HS structure within BrM, that
together would lead to a decrease in CFH binding and impaired
regulation of complement.

In conclusion, this study provided a systematic analysis of
age-related changes in HS quantity/composition in human BrM
and the NSR. This demonstrates that HS levels in BrM decrease
significantly and substantially with age (in the whole retina and

in the macula), and that HS sulfation levels also decrease to
some degree. In combination with our previous work on HS-
CFH interactions, this may have important implications for our
understanding of AMD pathogenesis and potential therapeutic
approaches.
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