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Anatomy and Pathology

Mapping the Differential Distribution of Proteoglycan
Core Proteins in the Adult Human Retina, Choroid,

and Sclera

Tiarnan D. L. Keenan,“>* Simon J. Clark,"* Richard D. Unwin,* Liam A. Ridge,>

Anthony J. Day,* and Paul N. Bishop*'34

Purrose. To examine the presence and distribution of
proteoglycan (PG) core proteins in the adult human retina,
choroid, and sclera.

MerHODS. Postmortem human eye tissue was dissected into
Bruch’s membrane/choroid complex, isolated Bruch’s mem-
brane, or neurosensory retina. PGs were extracted and partially
purified by anion exchange chromatography. Trypsinized
peptides were analyzed by tandem mass spectrometry and
PG core proteins identified by database search. The distribu-
tion of PGs was examined by immunofluorescence microscopy
on human macular tissue sections.

Resurts. The basement membrane PGs perlecan, agrin, and
collagen-XVIII were identified in the human retina, and were
present in the internal limiting membrane, blood vessel walls,
and Bruch’s membrane. The hyalectans versican and aggrecan
were also detected. Versican was identified in Bruch’s
membrane, while aggrecan was distributed throughout the
retina, choroid, and sclera. The cartilage link protein HAPLN1
was abundant in the interphotoreceptor matrix and sclera,
while HAPLN4 (brain link protein 2) was found throughout the
retina and choroid. The small leucine-rich repeat PG (SLRP)
family members biglycan, decorin, fibromodulin, lumican,
mimecan, opticin, and prolargin were present, with different
patterns of distribution in the retina, choroid, and sclera.

ConcLusions. A combination of proteomics and immunohisto-
chemistry approaches has provided for the first time a
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comprehensive analysis of the presence and distribution of
PG core proteins throughout the human retina, choroid, and
sclera. This complements our knowledge of glycosaminoglycan
chain distribution in the human eye, and has important
implications for understanding the structure and functional
regulation of the eye in health and disease. (Invest Ophthalmol
Vis Sci. 2012;53:7528-7538) DOI:10.1167/i0vs.12-10797

roteoglycans (PGs) are present in mammalian tissues, both
Pon cell surfaces and in the extracellular matrix, where they
play crucial roles in development, homeostasis, and disease.!-?
PGs are composed of a core protein covalently bound to one or
more glycosaminoglycan (GAG) chains, where the core protein
typically consists of multiple domains with distinct structural
and binding features.? PGs may be classified by their associated
GAG chain into heparan sulfate (HS), chondroitin sulfate (CS),
dermatan sulfate (DS), and keratan sulfate (KS) PGs. However,
PGs are also divided into families based on the structural
features of their core protein.* Important PG classes in the
extracellular matrix include the basement membrane PGs, the
hyalectans (or lecticans), and the small leucine-rich repeat PG
(SLRP) family. Some SLRP family members are part-time PGs,
and others such as opticin are always substituted with
oligosaccharides instead of GAGs.?

PGs interact with many biologically active molecules via
their core protein domains, as well as their GAG chains; as
such, they are known to play important roles in the
interactions between cells and the extracellular matrix,
including the regulation of cell differentiation, proliferation,
adhesion and migration."? In the eye, both CS PGs and HS PGs
are important in determining axonal guidance from the retina.>
In addition, CS PGs are essential in maintaining adhesion
between RPE cells and the neurosensory retina.® In Bruch’s
membrane, PGs are involved in the regulation of cell-matrix
interactions, signaling and inflammation, and contribute to its
filtration properties.” Importantly, PGs may be implicated in
the pathogenesis of AMD, and poor binding of the disease-
associated 402H variant of complement factor H to PGs in
Bruch’s membrane may provide a potential disease mechanism
for AMD.8-10

Recently, the distribution of PGs in the adult human retina,
choroid, and sclera has been examined indirectly through
immunolocalization of their associated GAG chains.!! We
found that HS, CS, and DS were present throughout the retina
and choroid, but that KS was detected only in the sclera. HS
labeling was strong in basement membrane structures and
particular retinal layers (e.g., the nerve fiber layer). In addition,
a differential distribution of GAG chains was observed
depending on sulphation state. For example, unsulfated CS
and 6-O-sulfated CS were prominent in the interphotoreceptor
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matrix (IPM), while the internal limiting membrane (ILM)
contained GAG chains with little or no sulfation.

Particular PG core proteins have been studied by immuno-
histochemistry in mouse, rat and chick retinal tissue,>12-15 and
in some cases, in human retina.'®1® However, there has been
no comprehensive analysis of the distribution of PG core
proteins in the human eye. This should be useful to our
understanding of the development and structure of the retina,
choroid, and sclera, and may provide important insights into
the pathophysiology of these complex tissues. In this study, we
have used a proteomics approach to search for PG core
proteins in human ocular tissue, and employed immunofluo-
rescence microscopy to compile a map of these PGs in the
human retina, choroid, and sclera.

METHODS

Tissue Preparation for Proteomic Analysis

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 adult human donors without known retinal
disease or visual impairment.

Ten globes (five pairs from five donors, aged between 60 and 83
years) were dissected, removing the iris, lens, and vitreous body, to
obtain the neurosensory retina and the tissue complex that includes
the RPE, Bruch’s membrane, and choroid (henceforth known as
Bruch’s/choroid complex). Ten further globes (five pairs from another
five donors, aged between 63 and 75 years) were dissected to obtain
isolated Bruch’s membrane, by removing the RPE and the choroid
through repeated application of a cell scraper until a homogeneous
grey tissue layer was left.

The tissues described above were pooled (i.e., each from 10 globes)
to produce three samples as follows: Bruch’s/choroid complex, Bruch’s
membrane, and neurosensory retina. These tissue samples were cut up
separately into fine pieces. PGs were solubilized from each of the three
samples using guanidinium chloride extraction. Briefly, each sample
was added to 20 mL 4 M guanidine HCI, 0.5 M NaOAc, and 0.5 mL
protease inhibitor cocktail (AEBSE aprotinin, bestatin, EDTA, E-64, and
pepstatin [Sigma, Poole, UK]) at pH 5.8, and left for 18 hours at 4°C on
a rotating mixer. Each sample then underwent centrifugation, and the
supernatant was dialyzed twice (1:50 volume, for 16 hours at room
temperature) against the DEAE starting buffer: 8 M urea, 50 mM Tris
HCl at pH 6.8. Samples were filtered with a 0.22-um filter prior to use.
Anion exchange chromatography was performed separately for the
three samples using a 1.6 mL DEAE Sepharose Fast Flow column (GE
Healthcare Life Sciences, Little Chalfont, UK), equilibrated with 5-
column volumes of 50 mM Tris HCl at pH 6.8, followed by a gradient of
0 to 1 M NaCl in 50 mM Tris HC, pH 6.8, over 13-column volumes; the
fractions collected were each of volume 500 pL.

Chromatography fractions were probed with Alcian blue (Sigma)
using the critical electrolyte method?® in order to identify those
fractions with highest concentration of PGs. Here, 100 pL of each
fraction was applied to a nitrocellulose membrane under vacuum in a
slot blot. The membrane was blocked by submersion for 1 hour in 200
mL 1% (w/v) bovine serum albumin in PBS (Oxoid; 137 mM NacCl, 2.6
mM KCI, 8.2 mM Na,HPO4, 1.5 mM KH,POy4 pH 7.3) at room
temperature on a mixing tray. Following this, the membrane was
submerged in 200 mL Alcian blue (0.2% [w/v] at pH 2.5 in PBS) for 20
minutes, and destained by submersion in 0.05 M MgCl,, 3% (v/v) acetic
acid, with three changes for 10 minutes each. The nitrocellulose
membrane was dried and the degree of Alcian blue staining was
analyzed using densitometry measurements.
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Mass Spectrometric Analysis

Fractions that produced the highest Alcian blue staining were desalted
and exchanged into 50 mM ammonium bicarbonate (at pH 7.5) using
size exclusion spin columns (10 kDa molecular weight cutoff [MWCO];
GE Healthcare Life Sciences), reducing the volume of each to 100 pL.
The fractions were then reduced and alkylated, with addition of
dithiothreitol (10 pL at 10 mM for 2 hours at 30°C) and then
iodoethamide (10 pL at 20 mM for 20 minutes at room temperature in
the dark). Fractions were trypsinized (mass spectrometry grade trypsin
(Sigma) at 1.2 pg per 120 pL sample) for 16 hours at 37°C, and
trypsinized peptides were separated from GAG chains using size
exclusion spin columns (5 kDa MWCO). Tandem mass spectrometry of
the trypsinized peptides was performed using a chromatography
system (nanoACQUITY UPLC; Waters Corporation, Milford, MA) online
to a mass spectrometer (QSTAR Elite Q-TOF; AB SCIEX, Framingham,
MA), employing standard methods.?! The results were analyzed by
means of the MASCOT search algorithm against a human UniProt
database. For each tissue type, the list of proteins identified was
surveyed manually for all PG core proteins.

Preparation of Tissue Sections for
Immunofluorescence Microscopy

As above, donor eyes were obtained from the Manchester Eye Bank.
Each immunohistochemical experiment reported in this study was
performed separately on tissue sections of eyes from three different
donors (males aged 46, 47, and 86 years) without known retinal disease
or visual impairment.

Donor eyes were fixed within 24 hours post mortem in 4% (v/v)
formaldehyde for two hours at room temperature, as described
previously.®!! Briefly, the macular region was removed using a 5-mm
biopsy punch (SCHUCO International, London, UK) and further fixed
in 4% (v/v) formaldehyde for 16 hours at 4°C. Each sample was set in
OCT cryoprotectant (RA Lamb, Eastbourne, UK); 5-um tissue slices
were made using a cryostat (Leica CM1850; Leica Biosystems, Buffalo
Grove, IL) and these were mounted on poly-L-lysine coated microscope
slides (Menzel-Gliser, Saarbriickene, Germany). Slides were stored at
—80°C prior to use in immunohistochemistry experiments.

Immunohistochemistry for Proteoglycan Core
Proteins

Immunohistochemistry experiments were performed by application of
particular antibodies specific for PG core proteins, in association with
fluorescently labeled secondary antibodies, as summarized in Table 1.
‘Where required, tissue sections underwent enzymatic treatment and/
or additional steps before application of the antibody (as described
below).

Prior to staining or enzymatic pretreatments, microscope slides
were incubated with chilled (—20°C) histological grade acetone (Sigma)
for 20 seconds before being thoroughly washed in PBS. Squares were
drawn around each tissue section using a hydrophobic barrier pen
(VectaLabs, Peterborough, UK) to prevent treatment contamination
from adjacent samples. Pretreatment with chondroitin ABC lyase (0.2
U/mL in PBS at 37°C for 2 hours; Sigma) was undertaken where
required (see Table 1). In the case of experiments for HAPLNI,
pretreatment involved reduction (10 mM dithiothreitol in 50 mM Tris
HCI, 200 mM NaCl, pH 7.4 at 37°C for 2 hours) and alkylation (40 mM
iodoacetamide in PBS at 37°C for 1 hour) followed by digestion with
chondroitin AC lyase (0.25 U/mL in PBS at 37°C for 2 hours; Sigma).
The tissue sections were then blocked by incubation at room
temperature for 1 hour with PBS containing 1 mg/mL BSA, 1% (v/v)
goat serum and 0.1% (v/v) nonionic surfactant (Triton X-100; Sigma).

For each experiment, the relevant antibody was diluted in blocking
buffer (see Table 1); applied to tissue sections (100 pL/section); and
incubated for 16 hours at 4°C. After extensive washing with PBS, the
appropriate Alexa Fluor 488-conjugated secondary antibody (i.e., goat
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TaBLE 3. Proteomic Analysis Showing Number of Unique Peptides and MASCOT Score of Proteoglycan Core Proteins Identified by Tandem Mass

Spectrometry for Particular Retinal and Choroidal Tissues

RPE/Bruch’s Membrane/

Choroid Bruch’s Membrane Neurosensory Retina
Class of Proteoglycan Proteoglycan Number of MASCOT Number of MASCOT Number of  MASCOT

Core Protein Core Protein Peptides Score* Peptides Score Peptides Score
Basement membrane Perlecan 41 876 46 1403 11 172
proteoglycans Agrin 6 179 4 72 13 265
Collagen-XVIII 5 136 0 0 3 70
Hyalectans Versican 4 137 2 77 0 0
Aggrecan 1 31 0 0 0 0
Short leucine-rich repeat Decorin 7 107 6 94 1 56
proteoglycans Biglycan 12 589 9 383 1 51
Lumican 19 778 18 848 1 68
Mimecan 10 393 18 1002 1 74
Prolargin 4 129 6 185 0 0
Fibromodulin 0 0 2 51 0 0
Other CD44 6 155 4 261 4 178
SPACRCAN 10 442 0 0 8 310

* The MASCOT score signifies the degree of confidence in protein identification, based on the quality of spectral matching. The score for each
peptide is calculated as —10 X Log(P), where P is the probability that the observed match is a random event.°® Scores for each peptide have been

summed to give the overall score for the protein.

anti-mouse, goat anti-rabbit, goat anti-rat, or rabbit anti-goat; Invitrogen,
Paisley, UK), diluted 1:100 in PBS, was added to each tissue section for
2 hours at room temperature. Finally, DAPI was applied as a nuclear
counter-stain (at 0.5 pg/mL in PBS for 10 minutes) prior to mounting
with medium (Vectashield; Vector Labs, Burlingame, CA) and
application of a coverslip. Control experiments were also conducted
where tissue sections were treated with blocking buffer instead of
primary antibody.

Image Capture and Data Analysis

Images were collected on an upright microscope (Olympus BX51;
Olympus, Southend-on-Sea, UK) using a X10/0.30 Plan Fln objective
and captured using a charge-coupled device camera (CoolSNAP ES;
Photometrics, Tucson, AZ) operated with bioimaging software
(MetaVue v6.1; Molecular Devices, Sunnyvale, CA), as described
previously, using specific band pass filter sets for FITC and DAPLS1!
Images were analyzed using image processing freeware (ImageJ64
v1.40; provided in the public domain by NIH, Bethesda, MD; http://rsb.
info.nih.gov/ij).

Analysis of the staining results from all three donors was performed
independently by TDLK and SJC. Both graders were blinded to the
experimental conditions, and applied previously agreed scoring criteria
to determine the level of staining present in each tissue layer. The scores
were averaged to produce Table 2. Where there was background
fluorescence (i.e., in the RPE), the graders compared grayscale images of
the experiment and the control (i.e., subtracting background autofluo-
rescence) to judge the level of antibody labeling of each core protein.

RESULTS

Proteomic Analysis

The Bruch’s membrane, neurosensory retina, and Bruch’s/
choroid complex samples were subject to anion exchange
chromatography in order to enrich any PGs present. Fractions
containing PGs were identified with Alcian blue staining (data
not shown) and digested with trypsin. Peptides were analyzed
by standard liquid chromatography-tandem mass spectrometry
methods. PG content was determined in each of the three

Downloaded from iovs.arvojournals.org on 02/27/2023

tissue sample types following successful fragmentation and
identification of one or more peptides unique to the relevant
PG core protein. The results are summarized below in tabular
form separately for each tissue type (see Table 3).

The basement membrane PGs perlecan, agrin and collagen-
XVIII were identified in all three tissue samples, with the
exception of collagen-XVIII in isolated Bruch’s membrane. For
the first time to our knowledge, the hyaluronan (HA)-binding
proteins (hyalectans), aggrecan and versican were identified in
the adult human retina and choroid; versican peptides were
found in Bruch’s/choroid complex and in Bruch’s membrane,
while an aggrecan peptide was detected in Bruch’s/choroid
complex. The SLRPs biglycan, decorin, lumican, and mimecan
were identified in all three tissue samples, while fibromodulin
and prolargin were found in Bruch’s membrane. In addition,
CD44 and SPACRCAN were identified in Bruch’s membrane/
choroid complex and neurosensory retina.

Distribution of Basement Membrane
Proteoglycans

Monoclonal antibodies were used to determine further the
distribution of perlecan, agrin, and collagen-XVIII in human
ocular tissue sections (derived from the macular region) by
immunofluorescent microscopy (see Table 1 for details). As
illustrated in Figure 1, the antibodies to all three basement
membrane PG core proteins labeled the retina, choroid, and
sclera; see Table 2 for summary of data derived from the three
different donors. Staining of these core proteins was particularly
strong in structures containing basement membranes (i.e., at the
ILM, the basement membrane of retinal and choroidal blood
vessels, and Bruch’s membrane). However, there was weaker
labeling of other layers of the neurosensory retina and choroidal
stroma. The RPE layer appeared to be labeled above background
fluorescence with these three antibodies. This was also the case
for most of the other antibodies used in this study. However,
since the RPE has significant endogenous fluorescence, some
caution is needed in drawing firm conclusions regarding the
presence of the various PG core proteins in the RPE.
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Basement membrane proteoglycans

A

Perlecan

Control

B Perlecan

Agrin

Control

LM

ZNFL

GCL

IPL

INL

OPL

ONL

IPM

—— RPE
Bri

Choroid

Collagen-XVIII

Sclera

Control

Collagen-XVIII

Ficure 1. Localization of basement membrane proteoglycans in retina, choroid, and sclera. (A) Human ocular tissue sections (macula) were labeled
(green fluorescence) using antibodies against perlecan, agrin and collagen-XVIII. The accompanying images, shown below, are where the tissue
sections were not exposed to the primary antibody. Here, and in all other control experiments (see Supplementary Material and Supplementary Figs.
$1-83, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.12-10797/-/DCSupplemental), the sections exhibited autofluorescence in the RPE only.
In all figures, the images shown are representative of three separate donors, the blue color results from DAPI staining of cell nuclei, and the white
scale bar indicates 100 pum. In all figures, the following abbreviations are used: ILM, internal limiting membrane; NFL, nerve fiber layer; GCL,
ganglion cell layer; IPL, inner photoreceptor layer; INL, inner nuclear layer; OPL, outer photoreceptor layer; ONL, outer nuclear layer; IPM,
interphotoreceptor matrix; Br M, Bruch’s membrane. (B) Higher magnification images of the inner retina are shown in the lower panels. The white
arrows show labeling at the ILM, and the asterisks illustrate labeling of blood vessel walls.

Distribution of Hyalectans

Staining for versican (see Fig. 2, Table 2) was seen in Bruch’s
membrane, surrounding choroidal blood vessels and in the
sclera with both the 12C5 and 2B1 antibodies; these
monoclonal antibodies were used in conjunction with
digestion by chondroitin ABC lyase (see Table 1). These data
correlate well with the proteomic analysis, in which versican
peptides were identified in the Bruch’s/choroid complex and
isolated Bruch’s membrane, but not in neurosensory retina.
However, it is important to note that the proteomic analysis
was performed on tissue layers from the whole retina, whereas
immunohistochemistry was performed on isolated macular
tissue.

The presence of aggrecan was demonstrated throughout
the human ocular layers when detected with the monoclonal
antibody 1795092 that was raised against the G1-IGD-G2
domains of aggrecan (see Fig. 2), and a similar staining pattern
was seen with the polyclonal antibody B5, which recognizes
the G1 domain?°® (data not shown); both antibodies were used
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after digestion of the sections with chondroitin ABC lyase (see
Table 1). In particular, moderate staining was observed
throughout the neurosensory retina (strongest in the nerve
fiber layer), Bruch’s membrane, and choroidal stroma. Labeling
of the sclera was extremely strong, which is consistent with a
previous study showing the presence of aggrecan in this
region.>®

The distribution of brevican was also analyzed using a
monoclonal antibody. Although it was not identified in our
proteomic analysis, the distribution of this hyalectan was
investigated given its importance in other parts of the central
nervous system.?® Staining for brevican was widespread
throughout the retina, Bruch’s membrane, choroid, and sclera
(Fig. 2).

Distribution of Short Leucine-Rich Repeat
Proteoglycan Family Members

Detection of seven different SLRP-family member core proteins
(i.e., biglycan, decorin, fibromodulin, lumican, mimecan,



7534 Keenan et al.

I0OVS, November 2012, Vol. 53, No. 12

Hyalectans
A
Versican (2B1) Versican (12C5) Aggrecan Brevican i
-
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FIPL
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Brm
J_Chorowd
Sclera
B Versican (2B1) Versican (12C5)
__—RPE
~—Brm
Ficure 2. Localization of hyalectans in retina, choroid, and sclera. (A) Human ocular tissue sections (macula) were labeled using antibodies against

versican, aggrecan, and brevican. In all cases, tissue sections were digested with chondroitin ABC lyase prior to application of antibody (see Table
1). The asterisks show labeling of versican in sclera. In all figures, the white scale bar indicates 100 um. (B) Higher magnification images of staining
for versican in Bruch’s membrane. The white arrow shows labeling of versican in choroidal blood vessel walls.

opticin, and prolargin) was carried out using the monoclonal
and polyclonal antibodies described in Table 1. Broadly, the
staining patterns can be divided into one of two categories
(Table 2, Fig. 3).

In the first group, containing biglycan, decorin, lumican,
and mimecan, staining was present but weak throughout the
layers of the neurosensory retina, and stronger but with
varying degrees of staining in Bruch’s membrane, choroid, and
sclera. In the second group, containing fibromodulin, opticin,

and prolargin, staining was much stronger in the neurosensory
retina, and was generally moderate throughout Bruch’s
membrane, choroid, and sclera. In the case of opticin, a
gradient of staining was observed whereby the strongest
staining was located at the ILM and superficial layers of the
neurosensory retina, followed by a gradual decline in staining
intensity through the deeper retinal layers towards moderate
staining in the choroid. Finally, staining for some PGs revealed
labeling of blood cells (e.g., leukocytes and erythrocytes) in the

Short leucine-rich repeat proteoglycans (SLRPs)

Prolargin

Decorin

Opticin

Biglycan

FiGURE 3.

Fibromodulin ILM

Choroid

Sclera

Lumican Mimecan

Choroid

Sclera

Localization of SLRPs in retina, choroid, and sclera. Human ocular tissue sections (macula) were labeled using antibodies against

prolargin, opticin, fibromodulin, biglycan, decorin, lumican, and mimecan. The white wedge symbol shows the decreasing gradient of labeling for
opticin from the internal limiting membrane through the neurosensory retina toward the choroid. The asterisks show the labeling of blood cells
(e.g., leukocytes and erythrocytes) in the lumen of choroidal blood vessels and in the neurosensory retina. The plus sign illustrates artifactual
separation of the neurosensory retina and RPE from Bruch’s membrane and choroid. In all figures, the white scale bar indicates 100 pm.
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Ficure 4. Localization of CD44 and link proteins in retina, choroid, and sclera. Human ocular tissue sections (macula) were labeled using
antibodies against CD44v3, HAPLN1 and HAPLN4. The white arrow shows very strong labeling of HAPLN1 in the interphotoreceptor matrix, and
the asterisks show staining (HAPLN1 and HAPLN4) of leukocytes in the choroid. In all figures, the wbhite scale bar indicates 100 pm.

lumen of choroidal blood vessels (e.g., for biglycan and
decorin) and/or in the neurosensory retina (e.g., for biglycan
and lumican).

Distribution of Other Proteins

The staining pattern for CD44v3 was analyzed in this study
using a monoclonal antibody. This was undertaken because
CD44 peptides were found in our proteomic analysis (Table 3),
and CD44v3 (a CD44 isoform arising from variable exon
splicing) can exist as an HS PG.® Staining for CD44v3 was
present at moderate levels throughout all layers of the retina,
choroid, and sclera, though with somewhat stronger staining at
the ILM and nerve fiber layer (Fig. 4).

The distribution of two link proteins (HAPLNs) was
analyzed, given that we identified aggrecan and versican in
the human retina (Fig. 2) and previously identified HA
throughout the human retina and choroid,!! and since link
proteins stabilize the interactions between hyalectans and
HA.37 HAPLN1 (cartilage link protein) and HAPLN4 (brain link
protein 2) were detected with monoclonal antibodies follow-
ing pretreatment of the tissue sections (see Table 1). This is the
first time to our knowledge that these link proteins have been
observed in the human retina. Staining for HAPLN1 was
particularly strong in the IPM and sclera, while staining for
HAPLN4 was moderate throughout the neurosensory retina
and Bruch’s membrane, but with stronger labeling of the nerve
fiber and ganglion cell layers. In both cases, labeling of blood
cells (presumably leukocytes) was observed in the lumen of
choroidal blood vessels.

DISCUSSION

In this study, we have used proteomic analysis to identity PG
core proteins in the posterior segment of human eye tissue and
demonstrated the presence of basement membrane PGs,
hyalectans and PGs from the SLRP family. This was combined
with immunofluorescence microscopy and showed that the
different PG core proteins have distinctive distributions
throughout the layers of the macular retina, choroid, and
sclera. We extracted and partially purified PGs by ion-exchange
chromatography prior to proteomic analysis. However, since
the PG core proteins could have had other charged modifica-
tions such as sialylated oligosaccharides, which allowed them
to bind to the jon-exchange column, we cannot assume that
they were all GAG-modified. Furthermore, the PG core
proteins identified by immunofluorescence could potentially
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have been GAG-modified, oligosaccharide-modified, or non-
glycosylated core proteins.

Because both the proteomics and the immunohistochemis-
try methodologies employed are qualitative techniques, we do
not make any inferences regarding the relative or absolute
amounts of the PG core proteins in the tissues. Also, the list of
PG core proteins identified by mass spectrometry is not
exhaustive since peptide absence does not necessarily imply
that a particular protein was absent from the sample.4! There
could be a number of reasons for this, including the fact that
we did not deglycosylate the samples prior to trypsin digestion,
and only a subset of chromatography fractions was selected for
analysis. However, a previously published proteomic study,
which did not enrich for PGs by ion-exchange chromatography;,
identified a very similar list of PG core proteins (i.e., perlecan,
agrin, collagen-XVIII, glypican-6, decorin, biglycan, lumican,
prolargin, mimecan, fibromodulin, and CD44) in human RPE/
Bruch’s membrane/choroid tissue.*?> Whilst we did not identify
glypican-6 in the Bruch’s/choroid complex, we did additionally
identify the hyalectans versican and aggrecan, and this is the
first report to our knowledge of their presence in the human
retina.

With regard to the basement membrane PG core proteins,
our findings are consistent with previous immunohistochem-
ical studies of perlecan,'®'® agrin,'® and collagen-XVIIL.'® Our
findings are also consistent with those of Halfter and
colleagues who used the same antibodies against perlecan,
agrin, and collagen-XVIII to study the ILM.!” However, unlike
the previous studies, we analyzed the distribution of these PG
core proteins through the whole thickness of the macular
retina and choroid, and performed this alongside a compre-
hensive analysis of the other PG core proteins in the same
tissues. This approach has revealed highly distinct patterns of
localization, both between classes of PG core proteins (e.g.,
basement membrane PGs versus SLRPs) and between members
of individual classes (e.g., lumican versus prolargin).

The distribution of the basement membrane PGs may have
important implications in the human eye. A mutation in the
gene for collagen-XVIII associated with Knobloch syndrome in
humans suggests that this PG plays a critical role in the
development of retinal vasculature and maintenance of retinal
structure.?3 Peptides derived by proteolysis of the C-terminus
of collagen-XVIII (endostatin) and perlecan (endorepellin) have
anti-angiogenic activity,** and may inhibit preretinal and
choroidal neovascularization. In this context, it is of interest
that our proteomic analysis demonstrated that perlecan
peptides are particularly abundant in Bruch’s membrane.
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To our knowledge, the hyalectans versican, aggrecan and
brevican have not previously been reported in the human
retina or choroid. Versican has been identified in the human
vitreous.*> It has also been detected by immunohistochemistry
in the nerve fiber and inner plexiform layers of the embryonic
chick retina.'* However, versican immunoreactivity decreased
in the adult chick retina, leaving staining only in the
photoreceptor layer and Bruch’s membrane, which resembles
somewhat our findings in the human (i.e., staining in Bruch’s
membrane and choroidal blood vessels). Versican and aggrecan
have been detected in the rat retina.'> In the embryonic rat,
immunoreactivity for versican and aggrecan was observed in
the inner retinal layers. In the adult rat, immunoreactivity for
both was strong in the ganglion cell and plexiform layers and
weak in the nuclear layers and choroid. Hence, our findings for
human macular tissue are generally similar in the case of
aggrecan, but quite different in the case of versican. More
recently, aggrecan has been detected throughout the mouse
retina.!? In the adult mouse, immunoreactivity was strong in
the ganglion cell and nuclear layers and weak in the inner
plexiform and photoreceptor layers. Hence, it is apparent that
substantial species-specific differences exist for these PG core
proteins. We are not aware of any reports of the presence of
brevican in perinatal or adult retinal tissues of any vertebrate
animals.

These findings, together with the clinical phenotype of
Wagner syndrome, suggest that the hyalectans may have
important roles in the development and maintenance of the
human retina. Wagner syndrome is characterized clinically by
vitreous abnormalities and chorioretinal atrophy, often fol-
lowed by retinal detachment, and is caused by mutations that
alter splicing of the versican gene (CSPG2).4° Whereas versican
was known to be present in human vitreous, our novel finding
of its localization to Bruch’s membrane may suggest new
mechanisms to explain some clinical features of Wagner
syndrome (e.g., chorioretinal atrophy).

The ocular distribution of the SRLP core proteins has been
studied in some animal species. For example, decorin was
detected throughout the neurosensory retina of the mouse!?
and rat.*” Its importance in retinal development has been
demonstrated in a recent study of the avian embryo, where
inhibition of decorin function led to loss of polarization in
retinal progenitor cells, along with many other abnormalities.*®
Interestingly, our study demonstrates more abundant labeling
of decorin in Bruch’s membrane and choroid than the
neurosensory retina, though it is possible that decorin
expression is different in embryological stages.

Biglycan distribution has been examined in the mouse eye,
where it was located throughout the retina in both embryo-
logical and adult stages.'> By comparison, our data do
demonstrate the presence of biglycan in the neurosensory
retina, but labeling of this core protein was much more
abundant in Bruch’s membrane and the choroid. Importantly,
mice overexpressing biglycan show a marked increase in
Bruch’s membrane thickness, with potential implications for
theories of AMD pathogenesis.®® In general, biglycan and
decorin are both thought to act as neurotrophic factors for
retinal cells, and as regulators of their differentiation,'? and
our study has revealed they share a similar distribution
throughout the layers of the human macular retina and
choroid.

Lumican is an important SLRP of the sclera and cornea,>%3!
but there have been no immunohistochemical reports of its
presence in the retina or choroid. This SLRP is involved in the
regulation of collagen fibrillogenesis, including fibril diameter
and interfibrillar spacings, and may also have proinflammatory
effects.>? Interestingly, polymorphisms in the lumican gene
have been linked to high myopia in humans,>® and lumican-
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fibromodulin double-null mice exhibit increased axial length
and frequent retinal detachments.>¥ Our findings confirmed
the presence of lumican in human sclera, but also demon-
strated abundant core protein in Bruch’s membrane, choroid
and (to a lesser extent) neurosensory retina including the IPM.
These novel findings warrant further investigation; its localiza-
tion to these layers may suggest new mechanisms to explain
high myopia and retinal detachment (e.g., lumican in the IPM
could be involved). In addition, it is possible that lumican is
required for the pentalaminar structural integrity of Bruch’s
membrane (e.g., through regulation of collagen fibril spacing in
the collagenous layers).

Similarly, mimecan is known to be present in the sclera and
cornea, but its novel immunolocalization in the human retina
and choroid requires further study. In addition, our previous
finding that KS is absent from the human retina and choroid!!
suggests that, unlike in the cornea, lumican and mimecan core
proteins are not modified with KS chains in these locations,
with similar conclusions for prolargin and fibromodulin.
Prolargin, for example, is known to be substituted with KS
GAG in both the human sclera and cornea,>® but has never
been studied in the retina or choroid.

We have examined the distribution of opticin previously in
the human eye, where it was localized mainly in the vitreous
humor and ILM.>> However, for the current study, we used the
more sensitive method of immunofluorescence microscopy
and detected a more widespread distribution. Opticin is
thought to be secreted by the ciliary body into the vitreous
cavity,>® so our finding of a gradient distribution from the ILM
to the choroid support the idea that opticin may diffuse from
the vitreous through the neurosensory retina to be carried
away in the choroid. Interestingly, opticin has antiangiogenic
properties,>>57 so its abundance in the ILM and superficial
retinal layers may help prevent pathological proliferative
retinopathies (i.e., by inhibiting the growth of blood vessels
from the retina into the vitreous).

The distribution of link proteins was analyzed because we
identified aggrecan and versican as well as HA in the human
retina,!! and link proteins stabilize the interactions between
HA and these hyalectans.?” This is the first report to our
knowledge that discusses the presence of HAPLN1 and
HAPLN4 in the human retina, though HAPLN1 has been
reported at this location in chick embryos.>® Our data show
that HAPLNT1 is highly abundant in the IPM, where there is also
staining for aggrecan and HA, and it is possible that complexes
between PGs, HA, and HAPLN1 (that give structural integrity in
other tissues—e.g., brain and blood vessel walls) may
contribute to retinal attachment at this location. By contrast,
HAPLN4 (or brain link protein 2) was found throughout the
neurosensory retina, with strong labeling of the nerve fiber and
ganglion cell layers. In the brain, aggrecan is a component of
perineuronal nets, important extracellular matrix structures
involved in synaptic stabilization, and reduced plasticity.> It is
possible that perineuronal nets in the neurosensory retina are
formed by complexes between aggrecan, HA and HAPLN4, and
our findings warrant further investigation, particularly given
recent interest in using chondroitin ABC lyase to reverse
glaucoma by disrupting perineuronal nets (Morgan J, et al.
IOVS 2010:ARVO E-Abstract 2517).

In conclusion, this study provides a comprehensive analysis
of PG core protein localization throughout the human retina,
choroid, and sclera. This demonstrates that different core
protein families and family members have very distinct
distribution patterns in macular tissue. In combination with
our recent study of GAG chains, this will greatly assist further
research into the regulation of ocular tissue in development,
health and disease.
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