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c Cardiovascular Research Group, Department of Biochemistry, University of Szeged, Dóm tér 9, H-6720 Szeged, Hungary
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a b s t r a c t

Age-Related Macular Degeneration (AMD) is characterized by the accumulation of lipid- and protein-rich
deposits in Bruch’s Membrane (BrM). A consequent decrease in hydraulic conductivity and impairment
of transport through BrM may play a central role in the pathogenesis of AMD. The mechanism of deposit
formation in AMD had been suggested to show similarities to the formation of atherosclerotic plaques in
which the interactions of extracellular matrix proteoglycans with apolipoprotein-B 100 (apoB-100) play
an important role. A prime candidate for this interaction is the small leucin-rich proteoglycan biglycan.
The aim of our study was to test the effect of the simultaneous overexpression of human apoB-100 and
biglycan genes in combination with a high-cholesterol diet on BrM morphology in transgenic mice. Six-
weeks-old homozygous apoB-100 or biglycan, hemizygous apoB-100/biglycan transgenic and wild-type
C57Bl/6 mice were fed either a standard chow or a diet supplemented with 2% cholesterol for 17 weeks.
Animals were sacrificed, serum lipid levels were measured and eyes were processed for transmission
electron microscopy (TEM) according to standard protocol. Morphometric analysis of digitally acquired
TEM images of BrM showed that in apoB-100 and double transgenic animals fed a high-cholesterol diet,
the BrM thickness was significantly increased compared to wild-type animals. Both groups had electron-
lucent profiles in clusters, scattered throughout the collagenous layers of BrM, and focal nodules of an
amorphous material of intermediate electron-density between the plasma and basement membranes of
the retinal pigment epithelium (RPE). BrM thickness in these two groups correlated well with elevated
cholesterol levels. Unexpectedly, animals overexpressing biglycan alone showed a marked, diet-inde-
pendent increase in BrM thickness associated with a layer of a basement membrane-like material in
outer BrM. The effects of biglycan overexpression are intriguing and further investigations are needed to
elucidate the underlying mechanisms.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Histopathologic features associated with aging and early age-
related macular degeneration (AMD) include an overall thickening
and a structural reorganisation of Bruch’s Membrane (BrM) (Ram-
rattan et al., 1994). Changes include an increase in collagen content
(Newsome et al., 1987; Karwatowski et al., 1995) and cross-linking
(Karwatowski et al., 1995) accumulation of so-called wide-spacing
material, structural disorganization of the collagen fibres (Hogan
and Alvarado, 1967), increased content and altered composition of

proteoglycans (Kliffen et al., 1996), a thinning and fragmentation of
the elastic layer (Spraul et al., 1999; Snow and Seddon, 1999; Chong
et al., 2005) and the accumulation of lipid- and protein-rich debris
under the retinal pigment epithelium (RPE) and within BrM (Moore
et al., 1995). Sub-RPE debris has previously been characterized as
electron-lucent(EL) droplets (Killingsworth, 1987), lipoprotein-like
particles (LLPs) (Killingsworth, 1987; Curcio and Millican, 1999;
Ruberti et al., 2003; Li et al., 2005; Huang et al., 2007), membranous
debris (Curcio and Millican, 1999; Curcio et al., 2005), coated
vesicle-like bodies (Killingsworth, 1987), small granules (SGs)
(Killingsworth, 1987; Curcio and Millican, 1999) and long or wide-
spacing material (Sarks, 1976; van der Schaft et al., 1991). Combi-
nations of these may contribute to the formation of focal (drusen)
and diffuse (basal laminar and linear) deposits found in AMD
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(Pauleikhoff et al., 1990; Green and Enger, 1993; Green, 1999; Curcio
and Millican, 1999). According to the lipid-barrier hypothesis, the
accumulation of lipids and possibly proteoglycans within BrM may
lead to a decrease in the hydraulic conductivity of BrM, thereby
impeding transport of fluids and hydrophilic substances (Moore
et al., 1995). Since photoreceptors depend on the RPE and the
choriocapillary circulation for nutrients (including essential reti-
noid derivatives), as well as for the clearance of metabolic end-
products, impairment of transport across BrM could contribute to
abnormalities associated with late AMD. These may include
photoreceptor dysfunction, atrophy, RPE detachment and sub-RPE
neovascularisation (NV) (Sarks, 1976; Bird and Marshall, 1986;
Killingsworth, 1987; Moore et al., 1995; Starita et al., 1996; Holz
et al., 2004).

In addition to a number of shared risk factors (Klein, 2007), the
deposition of lipid- and proteoglycan-rich extracellular material is
a feature common to both atherosclerosis and AMD (Snow and
Seddon, 1999; Lusis, 2000). Apolipoprotein B-100 (apoB-100) plays
a central role in the intramural retention of plasma LDL during
atherosclerotic plaque formation. Submerged in the LDL phospho-
lipid surface membrane, apoB-100 contains the LDL receptor-
binding domain that facilitates the uptake of plasma LDL in
peripheral tissues. Several lines of evidence suggest that intramural
retention of atherogenic lipoproteins involves extracellular matrix
(ECM) proteoglycans (PG-s) (Williams and Tabas, 1995; Ross, 1999).
One candidate for the role of lipoprotein entrapment is biglycan,
a small leucin-rich proteoglycan (Williams and Tabas, 1995).
Biglycan was demonstrated both to bind apoB in vitro and to co-
localize with apoB in human atherosclerotic plaques (O’Brien et al.,
1998). Biglycan also binds a variety of other proteins, including
growth factors such as TGF-b, TNF-a and WISP-1, ECM proteins such
as collagen (types I, V, VI, XIV), fibronectin and a-amyloid, apoE,
a-dystroglycan, phospholipase A2 type II and serum proteins such
as heparin cofactor II (Hayashi et al., 2005). These binding activities
indicate that biglycan may exert diverse functions in many tissues.

Modelling lipid entrapment and retention in mice poses
a number of problems, due to the inherent disparities between
murine and human lipid transport. ApoB contained within murine
LDL is predominantly a truncated form, apoB-48, which contains
proteoglycan-binding sites different from those in apoB-100 (Flood
et al., 2002). Unlike apoB-100, lipoprotein containing apoB-48 can
be cleared from the plasma by receptors other than LDL-R (Sanan
et al., 1998). Inserting the human apoB-100 gene into the C57Bl/6
genome has been shown to render its lipoprotein profile similar to
the human, including a sharp increase in plasma LDL following
ingestion of a high-fat diet (Purcell-Huynh et al., 1995). These
animals are also more prone to develop atherosclerosis (Véniant
et al., 1997). Introducing the human biglycan gene into apoB-100
transgenic mice may further improve this model. Considering the
apoB-100-binding ability of biglycan, and the presence of biglycan
in drusen in human (Crabb et al., 2002) an overexpression of the
human biglycan protein in apoB-100 overexpressing mice may be
expected to provide an improved animal model of atherosclerosis
and related conditions and AMD. The aim of this study was to
characterize ultrastructural changes in Bruch’s Membrane of
transgenic mice overexpressing both the human apoB-100 and
biglycan genes in combination with a high-cholesterol diet.

2. Materials and methods

2.1. Mice

The generation of apoB-100 and biglycan transgenic mice has
been described previously (Bjelik et al., 2006; Bereczki et al., 2007).
Integrated transgenes were detected by PCR analysis from the tail

DNA of the founders. Gene expression levels were confirmed by
quantitative RT-PCR (QRT-PCR). The best-expressing lines were
selected for further studies. Homozygous apoB-100 (apoB-100þ/þ,
group 3) and biglycan (biglycanþ/þ, group 5) transgenic mice were
crossed to produce hemizygous double transgenic (apoB-100þ/�

� biglycanþ/�, group 7) littermates. Increased gene expression
levels were confirmed by QRT-PCR in transgenic animals (data not
shown). C57Bl/6 mice (group 1) were used as controls. All animals
(n¼ 5 per group) were initially raised on a standard diet (CRLT/N, EU
registration code HU 13 1 00039). Experimental groups (groups 2, 4,
6, 8) were switched to a diet supplemented with 2% cholesterol at 6
weeks of age, for 17 weeks. All mice had free access to food and
water and were maintained on 12-hour light–dark cycles with
standard day ambient light maintained at 500 lux. Cages were kept
on middle shelves of the cage rack and were not exposed to direct
sunlight. All experiments were conducted according to the Decla-
ration of Helsinki and Guiding Principles in the Care and Use of
Animals and in compliance with the Association for Research in
Vision and Ophthalmology statement for the use of animals in
ophthalmic and vision research. The experimental protocol was
approved by the local animal care ethical committee.

2.2. Determination of serum cholesterol levels

Blood samples were obtained by cardiac puncture, following
anesthesia. Total and LDL cholesterol levels were measured in
triplicate, using commercially available colorimetric assays adapted
to 96-well plates (Diagnosticum Ltd., Budapest, Hungary). LDL
cholesterol was determined following the selective protection of
LDL (Csont et al., 2007). The accuracy of the assays was monitored
by using Standard Lipid Controls (Multiparametric HDL/LDL Cali-
brator, Sentinel Diagnostics SpA, Milano, Italy).

2.3. Tissue preparation

Animals were anesthetized by ether and the eyes were removed.
Specimens for microscopy were promptly fixed, for LM by immer-
sion in 10% formaldehyde and for TEM in a solution of 1% glutar-
aldehyde and 1.5% paraformaldehyde in 0.1 M PBS at pH 7.2. The
external ocular muscles, optic nerve, and anterior segment were
removed. Specimens were post-fixed with 1% osmium tetroxide in
0.1 M PBS for 50 min, dehydrated and embedded in Araldite. For
EM, ultra-thin sections were cut and washed in 1% uranyl acetate
and Reynolds’ lead citrate. Semi-thin sections for LM were also cut
and stained with Toulidine blue.

2.4. TEM measurements

EM was performed using a JEOL JEM-1010 Transmission Electron
Microscope. Images were collected using a Gatan Orius CCD camera
and converted from Digital Micrograph DM3 format to 8-bit TIFFs
for analysis at 4008� 2762 pixels resolution. Following an initial
qualitative assessment of randomly selected ultra-thin sections,
measurements of BrM thickness were performed on sections where
the optic nerve head was clearly identified, the choriocapillary
lumen was open and lined by a single layer of endothelium. Inter-
capillary pillars and regions at the far periphery and the optic nerve
head were avoided. Measurements were taken at progressive and,
wherever possible, equal intervals. Three eyes per transgenic
groups and 6 eyes from wild-type groups were processed and at
least 10 images per eye were taken for measurement from up to
two sections from each eye. In each image, BrM thickness was
measured with single-pixel resolution and a mean value was
calculated. Measurements and analysis of BrM ultrastructure were
performed at �10,000 magnification. Morphometric analysis was
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performed using Adobe PhotoShop with the FoveaPro plug-in and
the ImageJ analysis package.

2.5. Statistical analysis

Bruch’s Membrane thickness and serum lipid values of the
groups were compared by one-way analysis of variance (ANOVA).
Correlations were determined by calculating the Pearson Correla-
tion Coefficients. Results were considered to be significantly
different at a probability level of p< 0.05.

3. Results

3.1. Serum lipid levels

Serum total cholesterol levels were significantly elevated in
cholesterol-fed apoB transgenic (group 4) and apoBþ/�� biglycanþ/�

double transgenic mice (group 8) (Table 1). Similarly, LDL choles-
terol was significantly increased in group 4, while a tendency of
increase was observed in group 8 reaching statistical significance
versus group 5 (Table 1).

3.2. Bruch’s membrane thickness

EM measurements of BrM thickness showed a statistically
significant increase in groups 4, 5, 6 and 8 compared to group 1.
Groups 4 and 8 showed significant cholesterol-dependent increase
in BrM thickness compared to non-cholesterol treated groups 3 and
7 respectively (Table 2). The thickening of BrM in groups 5 and 6
was present irrespective of the diet. When groups 5 and 6 are
excluded, there is a strong correlation between BrM thickness and
cholesterol levels in the remaining samples (r¼ 0.98, p< 0.006).

3.3. Bruch’s membrane ultrastructure

Ultrastructural features of groups 1–8 are shown in Fig. 1.

3.3.1. Electron-lucent profiles
Two distinct types of EL profiles were observed. One type was

circular, 30–50 nm in diameter with indistinct margins and
appeared mostly in clusters that were often confluent. These were
seen in all animals in groups 3–8, most densely in groups 4 and 8,
but only in 3/6 animals in group 2 and 2/6 animals in group 1.
Profiles of the second type were larger and more variable in size
(100–350 nm in diameter), usually oval in shape, with sharply
demarcated outlines, delimited by a double-layered electron-dense
membrane and were mostly as solitary or in small clusters, often
surrounded by large numbers of the smaller, slightly more EL

vacuoles. This type was present in all transgenic groups, most
frequently in group 4, but only occasionally in 3/6 animals of group
2 and were not seen in group 1. A summary of these results can be
seen in the supplementary information provided in Table 3. Both
types of EL profiles occurred scattered throughout the inner and
outer collagenous layers of BrM, the smaller type occurring with
higher density in and near the inter-capillary pillars (Fig. 2).

3.3.2. Focal sub-RPE nodules
In transgenic animals, focal nodules of an amorphous, material

of intermediate-electron density were present between the plasma
and basement membranes of the RPE, amid misaligned and
disorganized or atrophied RPE basal processes (Fig. 2G and H).
These nodules were most frequent and extensive in group 4. The
estimated severity scores according to the system devised by Sarks
and van der Schaft et al. (Sarks, 1976) were class 2 (thin contin-
uous) in 2/3 animals of group 4, class 1 (focal) in 1/3 of group 4 and
all other transgenics, and class 0 (not present) in wild-type
animals.

3.3.3. Focal thickening of BrM
In groups 5 and 6, a significant thickening of BrM was noted.

This was in all cases associated with a continuous layer of varying
thickness of a basement membrane-like material in outer BrM. At
irregular intervals, this layer became focally massive, resulting in an
up to fourfold thickening of BrM (Fig. 3). This phenomenon was also
present with similar frequency but more attenuated amplitude in
groups 7 and 8 animals and was not seen in animals not carrying
the human biglycan gene. Measurement of the thickness of this
layer was not possible with reasonable precision due to a lack of
a clear boundary towards the inner layers of BrM.

3.3.4. Fragmentation of the elastic lamina
Longer continuous segments of the elastic lamina were only

visible in wild-type and biglycan transgenic animals. In all other
groups, only fragments were apparent. No differences in the degree
of fragmentation could be determined.

3.4. Photoreceptor outer segments, RPE and choriocapillaris

Classical signs of photoreceptor damage or atrophy were not
evident. Some photoreceptor outer segments showed a cyto-
plasmic cap at the apex. The RPE cytoplasm contained occasional EL
vacuoles of a size and structure similar to those found within BrM.
Endothelial fenestrae of the choriocapillaris were of uniform size
(50–70 nm) and density, no differences between groups were
detectable.

Table 1
Serum cholesterol levels (mmol/l).

Group n Total cholesterol LDL cholesterol

Mean SEM Mean SEM

1 C57Bl/6 mice on normal diet 5 3.1 0.2 1.2 0.1
2 C57Bl/6 mice on high-cholesterol diet 5 3.1 0.2 1.3 0.1
3 ApoB-100 transgenic mice on normal diet 5 3.4 0.4 1.4 0.1
4 ApoB-100 transgenic mice on high-cholesterol diet 5 5.0a 0.4 2.7a 0.5
5 Biglycan transgenic mice on normal diet 5 2.5 0.2 1.0 0.1
6 Biglycan transgenic mice on high-cholesterol diet 5 2.6 0.3 1.6 0.2
7 ApoB-100� biglycan double transgenic mice on normal diet 5 3.1 0.2 1.2 0.1
8 ApoB-100� biglycan double transgenic mice on high-cholesterol diet 5 4.9b 0.5 2.1c 0.2

Statistically significant differences (p< 0.05, one-way ANOVA with the Sidak probe for pair-wise comparisons).
a Relative to groups 1, 2, 3, 5, 6 and 7.
b Relative to groups 1, 2, 5, 6 and 7.
c p¼ 0.015 relative to group 5.
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4. Discussion

Modelling pathological changes associated with AMD are
important to understand disease progression and test treatment
strategies. Transgenic mouse strains are widely used for these
purposes. In our experiments mice overexpressing the human
apoB-100 gene alone or in combination with the biglycan gene
were significantly more susceptible to hyperlipidemia, a thickening
of BrM and formation of sub-RPE electron-lucent (EL) particles
when fed a high-cholesterol diet. Expression of the human biglycan
gene alone showed an intriguing, diet-independent increase in BrM
thickness.

Several previous studies using murine models have reported
degenerative changes in BrM in association with elevated serum
lipid levels in C57Bl/6 wild-type mice (Miceli et al., 2000; Dithmar
et al., 2001; Cousins et al., 2002, 2003) as well as in mice with
genetically-determined hyperlipidemia (Dithmar et al., 2000; Klif-
fen et al., 2000; Espinosa-Heidmann et al., 2004; Malek et al., 2005;
Schmidt-Erfurth et al., 2008). Diet-induced hyperlipidemia in
combination with advanced age and a blue–light-induced damage
was associated with basal laminar deposit (BlamD) formation in
C57Bl/6 mice (Dithmar et al., 2001; Cousins et al., 2002, 2003).
Deposits were more severe in female animals (Cousins et al., 2003).
In C57Bl/6 wild-type mice but without laser treatment, deposit
morphology was similar to basal linear deposit (BlinD) (Miceli et al.,
2000; Dithmar et al., 2001). Mice expressing modified variants of
the apoE gene show varying degrees of basal deposits (Dithmar
et al., 2000; Kliffen et al., 2000; Malek et al., 2005). ApoE knockout
mice exhibit increased serum cholesterol levels even on a normal
diet, accumulation of EL-particles at an earlier age and have more
membrane-bounded material in BrM than wild-type mice (Dithmar
et al., 2000). Transgenic mice expressing the apo*E3-Leiden gene,
a dysfunctional form of the human apoE3, associated with hyper-
lipoproteinaemia and early-onset atherosclerosis, showed basal
laminar deposit formation when fed a high-fat/cholesterol (HFC)
diet (Kliffen et al., 2000). Eyes of aged, targeted-replacement mice
expressing human apoE2, apoE3, or apoE4, maintained on a HFC
diet showed apoE isoform-dependent pathologies of differential
severity. Particularly, the apoE4 isoform was associated with diffuse
sub-RPE deposits, drusenoid deposits, thickened BrM as well as
atrophy, hypo- and hyperpigmentation of the RPE (Malek et al.,
2005). LDL receptor (LDL-R) knockout mice are not able to incor-
porate plasma cholesterol into peripheral tissues sufficiently and
respond to a high-fat diet with severe hypercholesterolemia and
massive BlinD formation (Schmidt-Erfurth et al., 2008). ApoB-100
transgenic mice on high-lipid diet have also been demonstrated to
develop moderate BlamD formation at an early age, following
exposure to blue–green light (Espinosa-Heidmann et al., 2004).

The cause and significance of variation in deposit type among
models is not clear. Notably, all studies using blue–green light
irradiation as a model of oxidative damage found predominantly
BlamD (Dithmar et al., 2001; Cousins et al., 2002, 2003; Espinosa-
Heidmann et al., 2004), while most studies that restricted variables
to age and hyperlipidemia found EL deposits, similar to those in
BlinD (Miceli et al., 2000; Dithmar et al., 2000; Schmidt-Erfurth
et al., 2008). The relative influence of oxidative damage is difficult
to assess from available data, as this was not attempted in these
studies. It is also pertinent to keep in mind the known inherent
propensity of C57Bl/6 wild-type mice to hyperlipidemia with
advancing age (Winkler et al., 1999; Cousins et al., 2002). In our
animal model, the factors age and light damage were eliminated
through the exclusive use of untreated mice of a single age-group.
Transgenics were bred from the same C57Bl/6 stock as controls.
Also, the apoB-100 transgenic mouse model has a significant
inherent advantage. The proteoglycan-binding sequence of apoB-
100 in LDL is different in apoB-48 (Véniant et al., 1997), and apoB-
48-containing lipoprotein can also be cleared from the plasma by
receptors other than LDL-R (Sanan et al., 1998). Mice expressing the
human apoB-100 gene have a lipoprotein profile similar to humans
and show a sharp increase in plasma LDL following ingestion of
a high-fat diet (Purcell-Huynh et al., 1995). Nonetheless, significant
differences between our model and human lipid metabolism
remain, including that in mice, the main vehicle of lipid transport to
peripheral tissues is HDL. BrM deposits seen in our animals were of
two main types. Located between the RPE plasma and basement
membranes, we found focal deposits of an amorphous material
similar to early-type nodular BlamD (van der Schaft et al., 1991,
1994).

A more pronounced feature in these animals was the presence
of sharply defined (membranous) and more amorphous (non-
membrane bounded) EL particles with morphological features
similar to membranous debris and small EL droplets described
previously in basal linear deposits (Curcio and Millican, 1999).
While the small EL droplets were abundant, membranous debris
occurred predominantly solitarily or in small clusters scattered
throughout the inner and outer collagenous zones of BrM, only
occasionally forming a continuous layer. Depending on the tech-
nique used, similar particles have previously also been described as
coated vesicle-like bodies (Killingsworth, 1987), lipoprotein-like
particles (Huang et al., 2007), small membrane-bounded vesicles
(Pauleikhoff et al., 1990), or simply collectively as ‘‘EL particles’’ in
other animal models as well as in human AMD eyes (Killingsworth,
1987; Sarks et al., 1988; Curcio and Millican, 1999). Using a quick-
freeze deep-etch technique, a characteristic clustering of the
smaller particles around the large ones was described, sometimes
resulting in a morphology giving the impression of spiked particles

Table 2
Bruch’s membrane thickness.

Group n Bruch’s membrane thickness (nm)

Mean SD Min Max

1 C57Bl/6 mice on normal diet 6 345 47 246 434
2 C57Bl/6 mice on high-cholesterol diet 6 348 57 249 515
3 ApoB-100 transgenic mice on normal diet 3 369 63 261 536
4 ApoB-100 transgenic mice on high-cholesterol diet 3 475a,b 116 291 795
5 Biglycan transgenic mice on normal diet 3 519a 120 327 806
6 Biglycan transgenic mice on high-cholesterol diet 3 545a 195 306 1567
7 ApoB-100� biglycan double transgenic mice on normal diet 3 381 52 282 489
8 ApoB-100� biglycan double transgenic mice on high-cholesterol diet 3 476a, c 138 293 998

Statistically significant difference, p< 0.05(one-way ANOVA).
a Relative to group 1.
b Relative to group 3.
c Relative to group 7 .
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when viewed by standard TEM (Killingsworth, 1987; Huang et al.,
2007). We also noted this phenomenon which may be a step
towards drusen assembly (Huang et al., 2007).

Biglycan transgenic mice (groups 5 and 6) exhibited a signifi-
cant increase in BrM thickness, irrespective of the diet, while the
severity of EL particles was consistently less than in correspond-
ing apoB-100 or double transgenic animals. This thickening of
BrM was to a degree attributable to a layer of varying thickness of
an amorphous or disorganized fragmented material in the outer-
most part of BrM. The most likely source of this layer is the

basement membrane of the choriocapillaris. In pathological states,
the basal lamina can undergo a variety of alterations. Amorphous
or fragmented ‘‘laminae’’ may contain proteins normally found in
a basal lamina (laminin, collagen IV) but in a more active state
with regard to cell biological processes such as migration, prolif-
eration and differentiation (Eyden et al., 2000; Eyden and Tza-
phlidou, 2001). Biglycan transgenic mice are known to show an
upregulation of TGF-b, collagen (types I, III and IV) and a down-
regulation of decorin, a potent TGF-b inhibitor (Bereczki et al.,
2007). TGF-b can induce both fibrosis and angiogenesis and is an

Fig. 1. Representative TEM images from all 8 groups studied. Left column (A, C, E, G): animals on normal diet, right column (B, D, F, H): animals on a high-cholesterol diet. (A and B):
wild-type mice; (C and D): apoB-100 transgenic mice; (E and F): biglycan transgenic mice; (G and H): apoB-100� biglycan double transgenic mice. (Scale bars 500 nm). Bruch’s
membrane (BM) is aligned horizontally between the pigment epithelium (RPE) on top and the choriocapillaris (Ch) at the bottom. Arrowheads indicate the boundaries of BM. The
asterisk in image H indicates the accumulation of material between the RPE basal processes.
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Fig. 2. A–G: sharply defined electron lucencies in Bruch’s Membrane. E and F: amorphous electron lucencies were present in great numbers adjacent to the sharply defined
particles. G and H: focal deposition of an amorphous material between the RPE plasma membrane and basement membrane. Images A and E: group 4, B–D and F–H: group 8, scale
bars A–G 200 nm, H 500 nm. Bruch’s membrane (BM) is aligned horizontally between the pigment epithelium (RPE) on top and the choriocapillaris (Ch) at the bottom. Arrowheads
indicate the boundaries of BM and arrows indicate fragments of the elastic lamina.
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important factor in neoplastic transformation, which involves
a remodelling of the ECM (Westergren-Thorsson et al., 1992).
Overproduction of TGF-b is a major inducer of tissue fibrosis, as it
stimulates deposition of ECM by up-regulating synthesis of ECM
components such as collagens, proteoglycans and fibronectin, the
inhibitors of matrix-degrading enzymes and down-regulation of
the expression of these degradative enzymes. Recent reports have
also linked biglycan with scarring and fibrosis. Increased expres-
sion of biglycan with collagen type III was demonstrated in
experimentally induced pulmonary fibrosis (Westergren-Thorsson
et al., 1993) and with collagen type I in keloid scarring (Hunzel-
mann et al., 1996). Rat pulmonary tissue injected with the bigly-
can gene via an adenovirus showed a fibroblastic response in the
interstitium and a fibrotic thickening of the pleura with evidence
of increased collagen but not elastin deposition (Sime et al., 1997).
These fibrotic responses are believed to be mediated at least
partially through TGF-b. Thus, BrM thickening seen in our mice
overexpressing the biglycan gene appears to be attributable
mainly to increased production of a material (most likely collagen
IV), probably mediated via TGF-b. We found no evidence of other
effects associated with TGF-b like macrophage and neutrophil
infiltration or angiogenesis. It is also remarkable, that this layer of
amorphous material was only seen in BrM and not in other parts
of the choriocapillary vascular wall. This might be related to the
presence of biglycan in drusen in human (Crabb et al., 2002). At
the other end of the spectrum, ageing appears to be associated
with a decline in biglycan levels (Rada et al., 2000) as well as
a reduction in the mRNA levels for (type I and II) collagens in
many tissues (Ihanamäki et al., 2001). It is tempting to speculate,
that a loss of biglycan and collagen with a consequential degra-
dation of the structural integrity of BrM, as well as the thinning
and fragmentation of the elastic layer (Chong et al., 2005), the
overall increase in proteoglycan content with negatively charged
glycosaminoglycan chains in BrM and a relative predominance of
heparan-sulfate proteoglycans (Hewitt et al., 1989; Newsome
et al., 1987) over chondroitin-4-sulfate proteoglycans (like bigly-
can) seen in AMD may all contribute to changes affecting trans-
port through BrM. We also investigated a double (apoB-100þ/�

� biglycanþ/�) transgenic mouse strain aimed specifically to
model lipoprotein entrapment, a key step in the current paradigm
of atherogenesis. Relative to wild-type mice, these animals
(groups 7 and 8) did show significantly increased serum lipid
levels, BrM thickness and severity of EL particles when fed a high-
cholesterol diet, but not in the absence of administered high-
cholesterol. The degree of BrM abnormalities was however not

significantly different from that seen in animals expressing only
the apoB-100 gene, the main difference being the presence of
a layer of amorphous material in outer BrM of the double trans-
genic mice. Considering previous in vitro data indicating a likely
central role of the apoB-100–biglycan interaction in lipid reten-
tion and the overexpression of both factors in these mice, we
expected a significantly higher level of abnormalities, especially in
the presence of a lipid-rich diet. One possible explanation for this
may be that although biglycan is the proteoglycan that most
closely and consistently co-localizes with apoB in humans
(O’Brien et al., 1998; Nakashima et al., 2007), there are other
candidates for lipid entrapment. Decorin has been shown to co-
localize with type I collagen in primary atherosclerotic plaques
(Riessen et al., 1994), although the colocalization with lipids was
much less consistent than that of biglycan (Nakashima et al.,
2007). In vitro, decorin has been demonstrated to facilitate
binding of LDL to collagen, however this was relatively weak even
under optimal conditions (Pentikäinen et al., 1997), which may in
turn be due to the absence of essential tissue factors present in
vivo, possibly lipoprotein lipase which recently was shown to
enhance the binding of LDL to decorin but not to biglycan or
versican (Wagner et al., 1997).

It is also remarkable that on normal diet, biglycan transgenic
mice show a significant thickening of BrM while double trans-
genic animals do not. This may be interpreted as an indication
that the apoB-100–biglycan interaction may indeed take place
even in the absence of elevated serum LDL levels, however
without the expected subsequent increase in lipid deposition,
while biglycan is thus no longer available to exert its fibrosis-
inducing effect via other pathways.

In conclusion, our observations further implicate apoB-100 in the
process of sub-RPE lipid deposition in AMD. Biglycan overexpression
seems to be associated with increased production of collagen. The
role of biglycan may more likely be the preservation of the integrity
of collagen structures, including basement membranes. These
unexpected effects of biglycan are intriguing and further investiga-
tions are needed to elucidate the underlying mechanisms.
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Fig. 3. Thickening of BrM as a consequence of a layer of amorphous or fragmented fibrillar material, most likely from the basement membrane of the choriocapillaris, in BG
overexpressing animals (A: group 6, B: group 8, scale bars: 1000 nm). Bruch’s membrane (BM) is aligned horizontally between the pigment epithelium (RPE) on top and the
choriocapillaris (Ch) at the bottom.
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Appendix. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.exer.2009.03.006.
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