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Abstract 
Purpose: To identify the origin of proteins that make up the acellular Bruch’s membrane 
(BM) and drusen, both implicated in the initial stages of age-related macular degeneration 
(AMD).

Methods: We performed microarray analyses of laser-dissected retinal pigment epithelium 
(RPE), choroidal and photoreceptor cells. We compared the gene expression levels of all 
three tissues and we studied the expression of the genes that are translated into BM and 
drusen proteins in all three above mentioned cell layers. A human serum proteome list was 
generated using the Ingenuity knowledge database.

Results: Initially, we briefly described the identification and functional annotation of genes 
expressed in the human RPE, choroid and photoreceptor cells. Next, we generated a fourth 
data set containing the human serum proteome. We subsequently showed that most collagen 
and laminin subtypes previously identified in BM are expressed at higher levels in choroidal 
cells than in RPE cells. A similar analysis showed that most genes corresponding to drusen 
proteins were either expressed at higher levels in choroidal cells than in RPE cells or that 
these drusen proteins were derived from serum.

Conclusions: In this study we provided insight into the origin of BM and drusen proteins and 
we showed that the majority is derived from choroidal cells and/or serum. This knowledge 
may be useful in the search for a (systemic) treatment for retinal disorders, like age-related 
macular degeneration (AMD).
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Introduction
Bruch’s membrane (BM) is a collagen and elastin-rich acellular layer in the retina. It is lo-
cated between the photoreceptor/ retinal pigment epithelium (RPE) cell layers on one side, 
and the choroidal blood vessels on the other side. The 3 μm thick BM plays an essential role 
in maintaining the normal function of the outer retina. More specifically, BM regulates the 
diffusion of (bio-) molecules between photoreceptors/RPE and choroid, it provides physical 
support for RPE cell adhesion, migration and differentiation, and it acts as a division barrier 
restricting choroidal and retinal cellular migration[1]. BM is implicated in many retinal dis-
orders such as age-related macular degeneration and retinitis pimentosa[2].

BM forms a single functional unit with the adjacent RPE and choroid. Previous studies in 
chickens and mice showed that, during embryogenesis, both the RPE and choroid contribute 
to the development of BM[3,4]. Already in 1989, Hewitt and coworkers suggested that hu-
man BM is also composed of molecules synthesized by both the RPE and the choroid[5]. 
Nonetheless, in humans, the extent of -genetic- involvement of the RPE, the choroid or even 
the photoreceptors in the development and maintenance of BM remains to be elucidated. Our 
current study addresses this specific question: where do the proteins in BM, an acellular layer 
incapable of producing proteins itself, come from?

With age, extracellular deposits, called drusen, develop in BM[1]. Several types of drusen ex-
ist (reviewed by Ding et al[6]), for example hard and soft drusen. They occur both in healthy 
eyes and in eyes affected with early AMD. Drusen are not only present in the macular area, 
but also in the retinal periphery. The presence of soft confluent drusen in the macula is a ma-
jor risk factor for the development of age-related macular degeneration (AMD)[7].
In a recent review we described that drusen consist of lipids, cholesterol, fat, complement 
components and inhibitors, apoplipoproteins, acute phase proteins, C-reactive protein, and 
many other proteins[1]. Most of these drusen components were identified only recently, and 
hardly anything is known with regard to where they come from. The most likely sources of 
drusen components, given their location, are either photoreceptor cells, RPE cells, choroidal 
cells, serum proteins, or debris from BM turnover. 

In another recent publication, we analysed RPE-specific gene expression in the macular area 
of healthy human donor eyes[8]. We made a direct comparison of expression levels of 44K 
genes in the macular RPE, the choroid and in the photoreceptor cells with the aim to identify 
and analyse RPE-specific gene expression[8]. 
Using a complementary approach, we currently briefly reviewed the gene expression levels 
of the RPE, and we newly described the transcriptomes of the photoreceptors and the cho-
roid. In addition, we generated a list of proteins representing the human serum proteome. 
Based on these datasets, we determined the most likely origin of proteins known to be present 
in either BM or drusen. 
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Results
Gene expression of RPE, photoreceptors and choroid

RPE gene expression
We previously analyzed the human RPE transcriptome extensively[8-10]. In summary, we 
functionally annotated the RPE transcriptome on the basis of retinal location[9] and on the 
basis of gene expression levels and/or variability[10]. These studies showed that the RPE 
transcriptome varies 1-5% depending on retinal location, and that the RPE has strong energy 
demands, is exposed to high levels of oxidative stress and a variable degree of inflamma-
tion[9,10].
Finally, we compared the transcriptomes of the photoreceptor, choroidal and RPE cells to 
further define a set of RPE expressed genes. In the latter study, we identified 458 genes (1% 
of all entries examined) that we consider to be specific for the RPE compared to the adjacent 
cell layers, based on the fact that their expression levels are at least 2.5 fold higher in the 
RPE than in both choroid and photoreceptors. Functional annotation of the genes specifically 
expressed in the RPE yielded an overrepresentation of genes involved in inositol metabolism, 
retinol metabolism, genetic disorders and ophthalmic diseases. 
When we combine the most highly expressed RPE genes (top 10 percentile) [10] with the 458 
RPE-specific expressed genes[8], we end up with a set of genes, which may be considered to 
represent the most important functions of the RPE.

Photoreceptor gene expression
Pure photoreceptor cell isolation from the retina by LDM is relatively easy, given the large 
size and neat local arrangement of the cells. However, in our dataset we cannot distinguish 
between rod and cone photoreceptor cells. Some  cellular/RNA contamination from Müller-
glia cells may also be inevitable, since processes of these cells extend into the outer nuclear 
layer. Cellular contamination from adjacent, easily distinguishable horizontal or bipolar cells 
is likely to be minimal. However, our previous studies did show that it is extremely difficult 
to separate photoreceptors from RPE cells and vice versa[8]. 
In the macular area, we identified 336 (1%) genes with expression levels 2.5 times higher in 
the photoreceptor cell layer than in the RPE (phot>RPE) (see supplementary file 1, available 
on request). This part of the transcriptome is most likely specific for the photoreceptors, if 
we compare it to RPE cells. For this fraction of the photoreceptor transcriptome, we found an 
overrepresentation of genes involved in the following functional categories: vision, retinitis 
pigmentosa, sensory transduction, cone-rod dystrophy, alternative splicing and cGMP bind-
ing. The top thirty genes with the highest photoreceptor FC compared to RPE are presented 
in Table 1.

Table 1 Genes with highest expression in photoreceptors compared to RPE (NCBI entrezgene, NCBI OMIM)

gene symbol Genbank ID FC phot/RPE

GUCY2F NM_001522 7

THC1886017 THC1886017 6
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gene symbol Genbank ID FC phot/RPE

A_24_P911171 A_24_P911171 6

AKNA AB075848 5

NM_173498 NM_173498 5

USH2A NM_007123 5

A_32_P88605 A_32_P88605 5

THC1838874 THC1838874 5

PRO1966 AF116677 5

THC1934099 THC1934099 5

THC1848468 THC1848468 4

SLAIN2 AK025264 4

A_24_P885910 A_24_P885910 4

A_23_P119407 A_23_P119407 4

AL359574 AL359574 4

THC1861725 THC1861725 4

LOC441351 BC040180 4

LOC157627 AL832535 4

LOC723809 BC050337 4

LOC389660 XM_372042 4

MPP4 NM_033066 4

THC1814602 THC1814602 4

THC1993549 THC1993549 4

CATSPER2 NM_172095 4

LOC157627 AK091593 4

THC1878776 THC1878776 4

LOC94431 CD110160 4

THC1821072 THC1821072 4

PCDH15 XM_373461 4

RP1 NM_006269 4

Choroidal gene expression
Choroidal gene expression is in fact determined by a number of cell types, including smooth 
muscle cells, endothelial cells, fibroblasts, resident or incoming macrophages, etc. Probably 
due to this heterogeneity, we found that there were 1,527 (5%) genes with expression levels 
2.5 times higher in the choroid than the RPE (chor>RPE) (see supplementary file 2, avail-
able on request). This part of the transcriptome is specific for the choroid as compared to the 
adjacent RPE cells. The top 30 with the highest expression in choroid vs RPE is shown in 



122122

Chapter 5

Table 2. Among the 1,527 genes, there was an overrepresentation of genes in the following 
Kegg pathways: cell adhesion molecules (CAMs), complement and coagulation cascades, 
type I diabetes mellitus, focal adhesion, antigen processing and presentation and extracellular 
matrix (ECM)-receptor interaction.

Table 2 Genes with highest expression in choroid compared to RPE (NCBI entrezgene, NCBI OMIM)

gene symbol Genbank ID FC chor/RPE

SFRP4 NM_003014 26

THC1977129 THC1977129 26

IGL alpha L38562 22

OGN NM_033014 19

FAM150B AY358517 19

KLF6 BC015987 18

MYOC NM_000261 17

VIT NM_053276 16

LEPR U50748 15

IGH alpha AK130614 15

A_23_P435390 A_23_P435390 14

NRP2 AK024680 14

DCN NM_001920 14

ROPN1 NM_017578 14

PITX2 NM_153426 14

EDN3 NM_000114 14

IFI6 BC024289 13

ENST00000328419 ENST00000328419 13

ROPN1B BC015413 13

MYOT NM_006790 13

RSPO2 NM_178565 13

CCL26 NM_006072 13

IGKV3D-15 AF035031 12

FMOD NM_002023 12

IGK alpha BC030813 12

ENST00000331696 ENST00000331696 12

MLANA NM_005511 11

ANXA1 NM_000700 11

PAX3 NM_181458 11

TMEFF2 NM_016192 11
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Where do Bruch’s membrane proteins come from?
In order to elucidate the potential origin of proteins previously identified in Bruch’s mem-
brane (Figure 1), we determined their corresponding gene expression in the adjacent cell 
layers (RPE, choroid and photoreceptors). 
We focused specifically on the expression levels of the following gene groups: collagens, 
laminins, fibronectins, elastin, TIMP3 and heparan sulphate proteoglycans (HSPG). In ad-
dition, we generated a serum proteome list to define if BM proteins could (also) be derived 
from serum (Table 3). 
A substantial number of collagen proteins have been described in the five layers of BM[1,11-
13]. The laminin and HSPG proteins are present in the basement membranes on both the RPE 
and the choroidal side of BM[14]. The fibronectin proteins are found in the inner and the 
outer collagen layers of BM[15]. The TIMP3 protein is located in the elastin layer of BM[16]. 
Elastin is, obviously, located in the elastin layer[1,12](Figure 1).

Figure 1. Known BM proteins and their expression in the photoreceptors, the RPE and the choroid.

COL4A3 FNDC5

bm RPE
inner collagen
elastin layer
outer collagen
bm choroid

[COL 4A1, 4A2, 4A3, 4A4, 4A5, 5] LAM HSPG 
[COL1, 3] FN

[COL1, 3] FN
[COL 4A1, 4A2, 5] LAM HSPG 

[COL 4, 6, 18] ELN TIMP3*

COL 1A1, 1A2, 3A1, 4A1, 
4A2, 5A1, 5A2, 6A1, 6A2, 
18A1

FN1, 
FNDC3A

LAM A2, 
A4, B1, 
C1, C3

TIMP3

RPE

BM

Chor

Phot

A color version of this figure can be found in chapter 15.
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Table 3 Proteins identified in serum according to Ingenuity software analysis[45].

gene symbol Genbank ID gene symbol Genbank ID gene symbol Genbank ID

A2M NM_000014  FGFBP2 NM_031950  NEDD4 NM_006154

 ACE NM_152831  FGG NM_021870  NPPA NM_006172

 ACHE NM_000665  FGL1 NM_004467  NPPB NM_002521

 ACTL6B NM_016188  FN1 NM_054034  NPY NM_000905

 ADAMTS13 NM_139025  GC NM_000583  ORM1 NM_000607

 ADIPOQ NM_004797  GCG NM_002054  OTOR NM_020157

 ADM NM_001124  GDF15 NM_004864  OXT NM_000915

 AGT NM_000029  GH1 NM_000515  PDIA2 NM_006849

 AHSG NM_001622  GHRH NM_021081  PF4 NM_002619

 ALB NM_000477  GHRL NM_016362  PGCP NM_016134

 ANGPTL4 NM_139314  GP1BA NM_000173  PLA2G7 NM_005084

 APLN NM_017413  GPBP1 NM_022913  PLAT NM_000930

 APOA1 NM_000039  GPLD1 NM_001503  PLAUR NM_002659

 APOA2 NM_001643  GPT NM_005309  PLEC1 NM_201384

 APOA4 NM_000482  GPX3 NM_002084  PLG NM_000301

 APOA5 NP_001160070.1  GSN NM_000177  PLTP NM_006227

 APOB NM_000384  GSR NM_000637  POMC NM_000939

 APOC1 NM_001645  GUSB NM_000181  PPBP NM_002704

 APOC2 NM_000483  GZMA NM_006144  PPY NM_002722

 APOC3 NM_000040  HBA2 NM_000517  PRDX1 NM_002574

 APOD NM_001647  HBB NP_000509.1  PRDX2 NM_181738

 APOE NM_000041  HP NM_005143  PRL NM_000948

 APOH NM_000042  IBSP NM_004967  PRNP X82545

 APOL6 NM_030641  ICAM1 NM_000201  PROC NM_000312

 APOM NM_019101  IFNG NM_000619  PROS1 NM_000313

 APP NM_000484  IGF1 NM_000618  PTH NM_000315

 ATP13A1 NM_020410  IGF2 NM_000612  PYY NM_004160

 AVP NM_000490  IGFALS NM_004970  RELN NM_005045

 AZGP1 NM_001185  IGFBP1 NM_000596  REN NM_000537

 B2M NM_004048  IGFBP2 NM_000597  RET NM_020630

 BGLAP NM_199173  IGFBP3 NM_000598  RETN NM_020415

 C3 NM_000064  IGFBP4 NP_001543.2  RNASE3 NM_002935

 CAMP NM_004345  IGH-2 XP_002347520.1  RXRA NM_002957

 CCL13 NM_005408  IGHM AK090464  RXRB NM_021976
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gene symbol Genbank ID gene symbol Genbank ID gene symbol Genbank ID

 CCL14 NP_116738.1  IGJ NP_653247.1  S100A4 NM_002961

 CCL2 NM_002982  IL10 NM_000572  S100A8 NM_002964

 CCL22 NP_002981.2  IL12B NM_002187  S100A9 NM_002965

 CCL23 NM_005064  IL18 NM_001562  SAA1 NM_000331

 CCL26 NM_006072  IL1B NM_000576  SELE NM_000450

 CD163 NM_004244  IL1RN NM_173841  SELL NM_000655

 CD40LG NM_000074  IL2 NM_000586  SERPINA1 NM_000295

 CES1 NM_001266  IL4 NM_000589  SERPINA3 NM_001085

 CETP NM_000078  IL5 NM_000879  SERPINA3K NP_001076.2

 CFD NM_001928  IL6 NM_000600  SERPINA3M NP_001076.2

 CFHR1 NM_002113  IL6R NM_000565  SERPINA6 NP_001747.2

 CHGA NM_001275  IL7 NM_000880  SERPINA7 NM_000354

 CLEC3B NM_003278  INHA NM_002191  SERPINC1 NM_000488

 CLU NM_001831  INHBA NM_002192  SERPINE1 NM_000602

 CNDP1 NM_032649  INHBB NM_002193  SERPINF1 NM_002615

 COL1A1 NM_000088  INS NM_000207  SERPINF2 NM_000934

 CPB2 NM_001872  INS1 NP_000198.1  SERPING1 NM_000062

 CRP NM_000567  ITIH3 NM_002217  SHBG NM_001040

 CSF2RA NM_172247  ITIH4 NM_002218  SLC17A5 NM_012434

 CSH1 NM_022640  ITPA NM_033453  SPP1 NM_000582

 CXCL2 NM_002089  KIT NM_000222  TCN1 NM_001062

 CXCL3 NM_002090  KNG1 NM_000893  TF NM_001063

 DBP NM_001352  LAG3 NM_002286  TFPI NM_006287

 ELA2 NM_001972  LBP NP_004130.2  TGFB1 NM_000660

 ENPP1 NM_006208  LCAT NM_000229  THPO NM_000460

 F10 NM_000504  LCN2 NM_005564  TIMP1 NM_003254

 F12 NM_000505  LEP NM_000230  TIMP2 NM_003255

 F13A1 NP_000120.2  LEPR NM_002303  TNF NM_000594

 F2 NM_000506  LGMN NM_005606  TNFRSF1A NM_001065

 F3 NM_001993  LIPC NM_000236  TNFRSF1B NM_001066

 F5 NM_000130  LPA NM_005577  TNFRSF8 NM_001243

 F7 NM_000131  LPL NM_000237  TNFSF12 NM_153012

 F8 NM_000132  LRG1 NM_052972  TOR2A NM_130459

 F9 NM_000133  LTF NM_002343  TTR NP_000362.1

 FABP3 NM_004102  LYZ NM_000239  TXN NM_003329
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gene symbol Genbank ID gene symbol Genbank ID gene symbol Genbank ID

 FAP NM_004460  MASP1 NM_139125  TXNRD1 NM_003330

 FCN2 NM_015839  MASP2 NM_139208  VIP NM_003381

 FCN3 NM_003665  MBL2 NM_000242  VTN NM_000638

 FGA NM_021871  MMP1 NM_002421  VWF NM_000552

 FGB NM_005141  MMP2 NM_004530  XDH NM_000379

 FGF1 NM_000800  MMP3 NM_002422  ZFR NM_016107

 FGFBP1 NM_005130  MMP9 NM_004994

RPE contribution to BM
Of the known BM proteins, one collagen subtype (COL4A3 [NM_000091]) and the TIMP3 
genes had higher expression in the RPE than in the choroid (Figure 1). Moreover, two 
genes corresponding to the collagen subtypes (COL8A1 [NM_001850] and COL20A1 
[NM_020882]), which could be present in BM on theoretical grounds (for instance because 
other subtypes of the protein have been identified in BM, candidate genes), also had higher 
expression in the RPE than in the choroid (Figure 2).

Figure 2. Candidate proteins not identified in BM, but in terms of function or structure closely related to BM pro-
teins, and their expression in the photoreceptors, the RPE and the choroid.

bm RPE
inner collagen
elastin layer
outer collagen
bm choroid

[COL 4A1, 4A2, 4A3, 4A4, 4A5, 5] LAM HSPG 
[COL1, 3] FN

[COL1, 3] FN
[COL 4A1, 4A2, 5] LAM HSPG 

[COL 4, 6, 18] ELN TIMP3*

RPE

BM
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COL8A1
COL20A1

COL 8A2, 10A1, 13A1, 
15A1, 16A1, 21A1

COL25A1

A color version of this figure can be found in chapter 15.
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Choroidal contribution to BM
Altogether, sixteen collagen-, five laminin and two fibronectin gene subtypes were more 
highly expressed in the choroid than in the RPE. 
Ten (COL1A1, COL1A2, COL3A1, COL4A1, COL4A2, COL5A1, COL5A2, COL6A1, 
COL6A2 and COL18A1) of these sixteen collagen subtypes were previously assigned to BM 
(Figures 1 and 2). Three major cell types in the choroid are smooth muscle cells, endothelial 
cells en fibroblasts[1]. Using Ingenuity analysis, we compared the known gene expression 
of these cell types with proteins previously identified in BM. In smooth muscle cells, at least 
two genes are expressed that have corresponding BM proteins (FN1 and LAMA2). In endo-
thelial cells, these genes are also expressed, along with COL4A2, COL15A1 and COL18A1. 
Finally, in fibroblasts, at least FN1 and three collagen subtypes (COL1A1, COL1A2 and 
COL14A1) are expressed.

Photoreceptor contribution to BM
The COL25A1 gene, for which the protein product is not known to be present in BM or 
elsewhere in the retina, was the only collagen gene with higher gene expression in the photo-
receptors than the RPE (Figure 2).

Serum contribution to BM
Analysis of the serum proteome revealed the COL1A1 and FN1 protein entries in BM.

Drusen proteins: where do they come from?
Using proteomics, Crabb and coworkers identified 114 proteins in drusen[17]. Subsequently, 
other investigators found additional drusen proteins like ubiquitin, integrins, TIMP2, ad-
vanced glycation end products, beta-amyloid, fibronectin and C1q[17-20]. In total, we re-
cently compiled a list of 129 drusen constituents[1]. Using the Ingenuity knowledge database, 
we identified 23 drusen proteins (20%) in the serum proteome (Figure 3). We also analyzed 
the RPE, photoreceptor and choroidal gene expression levels corresponding to the drusen 
proteins. In the following sections we describe the genes expressed in each of the cell types. 

RPE proteins in drusen
Higher gene expression levels in the RPE than the choroid (RPE>Chor) was observed for 
twelve drusen proteins (Figure 3). Seven of these proteins are involved in signalling, three 
are extracellular matrix proteins and five are secreted proteins.

Choroidal proteins in drusen
There were 29 genes corresponding to drusen components with higher gene expression levels 
in the choroid than the RPE (Chor>RPE) (Figure 3). Among these, there was an overrepre-
sentation of genes involved in cell-cell communication through interaction with extracellular 
matrix receptors.
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Photoreceptor proteins in drusen
Only two crystallin genes (CRYBA1 [NM_005208] and CRYGS [NM_017541]) correspond-
ing to drusen proteins were identified with higher genes expression in the photoreceptors than 
in the RPE (Figure 3). These are heat shock / chaperone proteins which may indicate that the 
photoreceptor cells are especially equipped to deal with oxidative stress in order to prevent 
apoptosis.

Figure 3. Known drusen proteins and their expression in the photoreceptors, the RPE and the choroid. See text.

RPE

BM

Chor
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TIMP3COL8A1 SMC6

SERPINF
CTSDRGR 

FRZB

HIST1H2AE
HIST1H2BL
HIST1H4H
HIST2H2AA3

ANXA1
ANXA2
ANXA5 C3

FBLN5

ALB, APOA1, APOA4, APOE, C3, CLU, FGG, FN1, HBA2, HBB, HP, LTF, LYZ, ORM1, 
PLG, PRDX1, S100A8, S100A9, SAA1, SERPINA1, SERPINA3, SERPINF1, VTN
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PLA2G2A, PRELP, RNASE4, SAA1, 
SERPINA3, VIM

A color version of this figure can be found in chapter 15.

Discussion
We described the functional annotation of RPE gene expression in a previous study[10]. 
Advantages and limitations of our microarray approach were also discussed extensively pre-
viously[9,10]. In summary, high cellular specificity comes from our use of strict selection cri-
teria for donor eyes and the use of a laser dissection microscope for the isolation of all three 
cell types (RPE, choroid and photoreceptors). The current study design, using microarrays 
on laser microdissected material from RPE, choroid and photoreceptors avoids unnecessary 
experimental manipulation and minimizes contamination from adjacent cell types[10]. Limi-
tations include the limited number of samples in our study and the relatively low molecular 
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weight RNA available, inevitably due to the relatively poor quality of postmortem material 
from human donors. Furthermore, our current study is limited in the fact that we cannot quan-
tify absolute gene expression levels of individual cell layers. Rather, we designed the study 
so that we can compare quantitatively gene expression levels of one cell layer with those of 
another cell layer. 

Functional annotation of choroidal and photoreceptor gene expression
Choroidal gene expression

Our data-driven functional annotation analyses implicates that the choroid is involved in local 
immune processes (antigen processing and presentation, complement and coagulation cas-
cades). Indeed, physiological and pathological studies have shown that the choroid and RPE 
are involved in chronic inflammatory processes in healthy eyes and/or eyes that are affected 
by age-related macular degeneration and perhaps in immune surveillance of the eye[21]. The 
functional overrepresentation of (focal) cell adhesion and ECM genes expressed in the cho-
roid may correspond to the need of this tissue, which consist of a heterogeneous mixture of 
cell types and blood vessels, to maintain a single firm matrix structure (between the RPE and 
the sclera). Our data confirm recent findings that the proteins in the BM-choroid complex are 
involved in cell adhesion, tissue homeostasis, wound healing and blood vessel growth[22].

Photoreceptor gene expression
Our photoreceptor gene expression analyses and functional annotation confirm the well 
known role of these light sensitive cells in vision. Moreover, we found an overrepresentation 
of retinal disease genes among the highly expressed photoreceptor genes. This suggests that 
additional genes with high photoreceptor expression, not currently known to be involved in 
retinal diseases (Table 1 and Supplementary file 1, available on request), are also good can-
didate retinal disease genes. 

Bruch’s membrane
Several previously published studies focused on the molecular composition of Bruch’s mem-
brane (BM)[11,16,23,24]. It is known that BM is an acellular layer and therefore, BM con-
stituents must be synthesized elsewhere. We hypothesized that the majority of BM compo-
nents (collagens, fibronectins, laminins and elastin) are likely to have corresponding gene 
expression in the RPE, the choroid, or the photoreceptors. 

Collagens
Interestingly, we found that genes that correspond to the majority of the BM collagens have 
the highest gene expression levels in the choroidal cells (Figure 2). We also observed prefer-
ential choroidal cell expression for candidate BM proteins (COL8A2, COL10A1, COL13A1, 
COL15A1, COL16A1, COL21A1) (a number of collagenous proteins related to collagen 
proteins found in BM) (Figure 2). Taken together, these data suggest that the choroid, more 
than the RPE or the photoreceptors, plays a crucial role in the maintenance of BM. Our data 
support the view of Chong and coworkers, that BM structurally strongly resembles the in-
tima of blood vessel walls[25]. Consequently, malfunction of the cardiovascular system and 
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in particular the cappilary bed of the choroid could have major implications for the integrity 
of BM.

With regard to the candidate BM proteins (proteins for which related (sub)types have been 
shown to be present in BM) expressed in the choroid (COL8A2, COL10A1, COL13A1, 
COL15A1, COL16A1, COL21A1) and in the photoreceptors, (COL8A1 and COL20A1) we 
observed the following: collagen 8 consists of two subunits, COL8A1 (expressed at higher 
levels in the RPE, cornea and lens[26]) and COL8A2 (expressed primarily in the choroid), 
which indicated that the RPE and choroid both contribute to the presence of collagen type 8. 
Higher expression in the choroid was also seen for COL10A1 which structurally closely re-
sembles COL8A1[27] and for COL15A1 and COL18A1. The latter two proteins are secreted 
into extracellular matrices and are antiangiogenic. Moreover, collagen type 15 is known to be 
present in basement membranes and is thought to adhere them to the underlying connective 
tissue stroma[28]. Its potential presence in BM awaits confirmation. Higher expression in the 
photoreceptors was seen for COL25A1, a membrane-bound collagen expressed in brain[29]. 
Proteolytic processing of COL25A1 results in a soluable form of COL25A1 known to bind 
senile plaques in Alzheimer’s disease[30]. Since the molecular constituents of Alzheimer’s 
disease senile plaques and drusen overlap[1], COL25A1 could also be present in drusen. If 
this is the case, the expression of the COL25A1 gene in the photoreceptor cells implies that 
these cells may also contribute one or more proteins to drusen.

Fibronectins
Fibronectins are extracellular matrix glycoproteins with high molecular weight, present in 
basement membranes. They interact with collagens and are involved in adhesion and migra-
tion[31]. Fibronectin is present in both the ICL and OCL of BM[23]. To our knowledge, no 
specification of the fibronectin subtypes in BM has been published as of yet. Most impor-
tantly, the FN1 gene is expressed at higher levels in the choroid and may be involved in the 
clearance of immune complexes and cellular debris on the BM-choroid interface[32]. The 
FNDC5 gene, with a comparable function to FN1, is expressed at higher levels in the RPE[1]. 

Laminins
Laminins, together with collagen type IV, are ECM proteins that are major structural compo-
nents of basal laminae[27]. Indeed, laminin proteins are found in the apical and basal base-
ment membranes of BM[14]. Interestingly, four subtypes of laminins had higher gene ex-
pression in the choroid than in the RPE. These are LAMA2, LAMA4, LAMB1 and LAMC1. 
These data suggest that the choroid is an important supplier of laminins in BM. Changes in 
the supply of laminins to BM due to choroidal aging and deterioration may have major con-
sequences for the structural integrity of BM.
 

TIMP3 and metalloproteinases
Using monoclonal antibodies, Farris and coworkers showed that the TIMP3 protein was 
located in the endothelial cells of the choriocapillaris and possibly in the elastin layer of 
BM[16,33,34]. TIMP3 is an inhibitor of matrix metalloproteinases, a group of zinc-binding 
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endopeptidases that are involved in the turnover of extracellular matrices (ECM). Conse-
quently TIMP3 stabilizes the ECM. In addition, TIMP3 is a potent angiogenesis inhibitor 
in BM. The TIMP3 gene, expressed in the RPE in mice[35], is mutated in Sorsby’s fundus 
dystrophy[36], a disease with a strong clinical resemblance to AMD and characterized by 
choroidal neovascularisation. We confirmed that this gene is expressed at higher levels in the 
RPE than the choroid. 

Drusen
Human drusen consist mainly of lipids and proteins partially modified by oxidative 
stress[1,21] and a number of trace elements. A number of investigators showed that drusen 
lipids are primarily derived from photoreceptor cells (reviewed in [1]). We recently hypoth-
esized that drusen proteins primarily originate from choroidal cells and serum[1]. In the 
current study study we provided qualitative data that suggest that 23% of all drusen proteins 
may primarily come from choroidal cells, and 18% of all drusen proteins are derived from the 
serum. In contrast, only a very small proportion of drusen proteins may be primarily derived 
from RPE (10%) or photoreceptors (8%) (Figure 3).

Most interestingly, among the drusen proteins that are primarily synthesized in the choroidal 
cells are: three different annexins, complement factor C3 and fibulin 5 (FBLN5) (Figure 3). 
Annexins play an important anti-inflammatory role mediated by the inhibition of phospholi-
pase A2, which prevents the biosynthesis of two strong inflammatory factors (prostaglandins 
and leukotrienes)[27]. C3 is one of the key complement factors regulating the local innate 
immune response[37] and is expressed at higher levels in the choroidal cells than in the 
RPE. Nonetheless, in the context of AMD pathogenesis, it is of interest to note that not only 
choroidal and RPE cells synthesize this compound, but that C3 also circulates in the blood.
FBLN5 promotes adhesion of endothelial cells to each other via the interaction of integrins 
and the arginyl-glycyl-aspartic acid (RGD) motif[38]. Integrins also play a very important 
role in the binding of RPE cells to BM[39]. FBLN5 could be a vascular ligand for integrin 
receptors and may play a role in vascular development and remodeling and therefore may 
play a role in prevention of neovascularisation in AMD[38].
These data confirm the intimate relationship between the homeostasis of the RPE, the bal-
ance and stability of BM constituents, the development of drusen, the activity of the immune 
system and the presence of neovascularisation as seen in retinal disorders like AMD[1,7].
Finally, four different members of the histone protein family, present in drusen, apparantly 
originate from the choroid. Histones are core proteins of the DNA, required for chromosomal 
organization that are released from cells upon apoptosis. Histones are hydrophobic and are 
hard to degrade. Whether these findings indicate that waste material in drusen is predomi-
nantly derived from the choroid, or the choroid merely has higher transcriptional activity 
remains to be elucidated. Of the crystallin proteins present in drusen, two subtypes had the 
higher gene expression in the photoreceptors than in the RPE (CRYBA1, CRYGS). The 
beta crystallins were previously identified in photoreceptors[40]. One crystallin, CRYAB, a 
highly immunogenic protein[31], was more highly expressed in the choroid.
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Drusen also contain the COL8A1 protein, which in our data set, has highest gene expres-
sion levels in the RPE. In addition to COL8A1, drusen also contain COL1A2, COL6A1 
and COL6A2, with highest corresponding gene expression in the choroid. Collagen type 6, 
composed of three subunits, is a component of microfibrillar structures and plays a role in 
cell migration and differentiation. However, the presence of these collagens in drusen may 
not be solely explained by the gene expression in adjacent cells. Aside from a direct cellular 
origin, there is also the possibility that drusen constituents are derived from BM turnover 
products that were trapped in the heterogeneous molecule mixture of drusen. BM continu-
ously renews itself and with age the composition of BM changes slightly. Indeed, BM is a 
dynamic structure[1,41,42]. 

Waste products from the choroid can possibly be directed towards the serum. However, waste 
products of (apoptotic) RPE cells may be trapped in drusen since they cannot pass BM.

Conclusions
Our data suggest that BM proteins are synthesized by the RPE and choroid. With regard to 
collagen proteins present in BM, we showed that COL4A3 was primarily expressed in the 
RPE, and that ten other collagen chains (COL1A1, COL1A2, COL3A1, COL4A1, COL4A2, 
COL5A1, COL5A2, COL6A1, COL6A2 and COL18A1) were primarily expressed in the 
choroid. Expression of subtypes of the laminin genes (LAMA2, LAMA4, LAMB1, LAMC1 
and LAMC3) was also primarily observed in the choroid. 
With regard to drusen, our data suggest that over 40% of drusen proteins primarily come 
from choroid and/or serum. Since drusen are an important hallmark of age-related macular 
degeneration, this insight perhaps provides opportunities for systemic treatment of AMD.

Methods
Human donor eyes 
This study was performed in agreement with the declaration of Helsinki on the use of hu-
man material for research. Material used in this study was provided to us by the Corneabank 
Amsterdam. A detailed description of our methods can be found elsewhere[8]. In brief, we 
selected five eyes without ocular pathology from five human postmortem donors. Globes 
were enucleated and subjected to visual and histological examination, including periodic acid 
Schiff (PAS) staining. RPE, photoreceptor and choroidal cells were isolated from macular 
fragments using a Laser Microdissection System (PALM, Bernried, Germany). Total RNA 
was isolated and the mRNA component was amplified[9], labeled and hybridized to a 44k 
microarray (Agilent Technologies, Amstelveen, The Netherlands). Three arrays were used to 
compare the photoreceptors to the RPE, three additional arrays for the comparison of the cho-
roid to the RPE. In each comparison, two tissue samples of a single donor were compared.
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Data analysis
Scanned images were processed and analyzed with Feature Extraction software (v 8.5 Agi-
lent) and Rosetta Resolver software (Rosetta Inpharmatics). For each gene we calculated the 
following ratio’s, RPE vs. choroid, choroid vs. RPE and photoceptor vs. RPE, depending on 
the array. This resulted in three duplicate measurements for each ratio. Only when the ratio 
in all three duplicate measurements for a single gene was greater than 2.5, we considered a 
gene to have a meaningfully higher gene expression (GE) in one tissue compared to the other. 
These genes with higher expression in a cell layer can be considered specific for this cell 
layer and important for its characteristic features and functions. In addition, by using this cri-
terium we eliminate expression data caused by contamination of our laser disected samples 
by tissue fragments from adjacent layers. Expression levels due to contamination will always 
be lower than expression levels in the true tissue of origin. A functional analysis of Kegg 
pathways (Kyoto Encyclopedia of Genes and Genomes) and functional categories was per-
formed on all groups of genes with an average FC>2.5 using the David online software[43]. 
Cut off criteria used were a p-value of less than 0.001 using either a Benjamini-Hochberg 
correction or an Ease score, a modified Fisher’s exact test[43,44]. 

Generation of a serum proteome list
A serum proteome list was generated using the Ingenuity knowledge database. The list con-
tains 227 entries and is presented in Table 3. This list was used to identify BM proteins 
originating from serum.
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