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Abstract

The blood retinal barrier (BRB) closely regulates the retinal microenvironment. Its compromise 

leads to the accumulation of retinal fluid containing potentially harmful plasma components. 

While eyes with non-exudative age-related macular degeneration (AMD) were previously felt to 

have an intact BRB, we propose that the BRB in non-exudative AMD eyes may be subclinically 

compromised, allowing entry of retina-toxic plasma proteins. We test this hypothesis by measuring 

retinal levels of abundant plasma proteins that should not cross the intact BRB. Two cohorts of 

frozen, post mortem neurosensory retinas were studied by Western analysis. One cohort from 

Alabama had 4 normal controls and 4 eyes with various forms of AMD. Another cohort from 

Minnesota had 5 intermediate AMD and 5 normals. Both cohorts were age/post mortem interval 

(PMI) matched. The non-exudative AMD retinas in the Alabama cohort had significantly higher 

levels of albumin and complement component 9 (C9) than normal controls. The positive control 

exudative AMD donor retina had higher levels of all but one serum protein. In both macular and 

peripheral neurosensory retina samples, intermediate AMD retinas in the Minnesota cohort had 

significantly higher levels of albumin, fibrinogen, IgG, and C9 than controls. Our results suggest 

that there may be moderate subclinical BRB leakage in non-exudative AMD. Potentially harmful 

plasma components including complement or iron could enter the neurosensory retina in AMD 

patients prior to advanced disease. Thus, therapies aiming to stabilize the BRB might have a role 

in the management of non-exudative AMD.
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Age-related macular degeneration (AMD) is the leading cause of irreversible blindness 

among adults over the age of 65 in the United States (Bressler, 2004). It is characterized by 

progressive degeneration of the retina, retinal pigment epithelium (RPE), and choroid that 

leads to central vision loss. There are two distinct types of AMD. Non-exudative AMD is 

classified by the presence of drusen (early AMD) or geographic atrophy (late, non-exudative 

AMD). In contrast, exudative AMD is classified by the presence of neovascular vessels that 

invade and leak plasma into the retina. This can lead to accumulation of intraretinal and/or 

subretinal fluid and may result in sudden vision loss (Cunha-Vaz, 2017). Leakage of plasma 

may also allow for inappropriate accumulation of harmful agents in the photoreceptor layer, 

such as circulating complement components and iron that have been implicated in the 

pathogenesis of AMD (Hahn, 2003; Johnson et al., 2001; Kawa et al., 2014; Wysokinski et 

al., 2013; 2015; 2012; Zipfel et al., 2010).

Normally, the blood-retinal barrier (BRB) prevents influx of plasma and its damaging 

constituents into the retina. The outer BRB is formed by tight junctions between the RPE 

and the inner BRB is comprised of tight junctions between the retinal vascular endothelial 

cells. Both barriers contain highly selective transcellular active-transport systems that allow 

for close regulation of the specialized retinal microenvironment (Cunha-Vaz, 1979). Thus, 

the formation and maintenance of the BRB play a fundamental role in retinal health and 

vision, and its disruption has been linked to the development of many retinal diseases, 

including exudative AMD (Cunha-Vaz, 1976; Runkle and Antonetti, 2011).

Integrity of the BRB can be assessed using clinical imaging methods such as fluorescein 

angiography (FA). A direct correlation between fluorescein leakage and BRB breakdown 

has been demonstrated, as fluorescein has low permeability through the intact blood retinal 

barrier (Cunha-Vaz and Maurice, 1967; Engler et al., 1994; Moldow et al., 2001). Exudative 

AMD, involving disruption of the BRB, is diagnosed with clinical imaging techniques. 

Specifically, FA shows neovascular vessel leakage, and optical coherence tomography 

(OCT) shows subretinal and/or intraretinal fluid. In contrast, it has been widely accepted that 

the BRB remains intact in eyes with non-exudative AMD (Cunha-Vaz, 2009), which lack the 

positive findings on FA or OCT.

However, prior studies hint that non-exudative AMD eyes might have subclinical leakage. 

First, elevated iron levels were found in post mortem AMD retinas from donors with all 

stages of the disease (Hahn, 2003), suggesting aberrant iron transport and/or iron leakage 

from the plasma into the retina. Second, in a study evaluating quantity and location of the 

membrane attack complex (MAC) in aging and AMD eyes, a human eye with geographic 

atrophy showed moderate immunolabeling with an anti-MAC antibody in the photoreceptor 

outer segments (fig 4E in Mullins et al., 2014). Under normal circumstances, circulating 

complement proteins are too large to cross the BRB (Astafurov et al., 2014). While some 

complement proteins are normally expressed in the retina at low levels (Stasi et al., 2006), 

terminal complement proteins such as C9 are not locally expressed, and are essential 

components for MAC assembly (Anderson et al., 2010). Third, Hudson et al. showed that 

circadian regulation of claudin-5 facilitates BRB leakiness at night, and showed that BRB 

leakage can lead to retinal degeneration with features of AMD in mice (Hudson et al., 2018). 
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Together, these findings suggest the possibility of more BRB leakage than previously 

appreciated in non-exudative AMD, which may contribute to AMD pathogenesis.

In the present study, we propose that the BRB in non-exudative AMD eyes might be 

moderately compromised in a manner that has been difficult to detect by clinical techniques 

such as FA or OCT. This would be the case if there is very slow, diffuse leakage, which FA 

is not well-suited to detect, or if the leakage is intermittent and mainly at night, when FA is 

not typically performed. Thus, the hypothesis that BRB leakiness occurs in non-exudative 

AMD was tested using semiquantitative Western analysis on post mortem AMD and normal 

eyes to measure neurosensory retina levels of abundant plasma proteins and immune factors: 

albumin, fibrinogen, IgG, and C9. These are large proteins found in the systemic circulation 

with very limited penetration through the BRB due to the intercellular tight junctions and 

lack of specific transport carrier systems for these molecules. Consequently, the leakage of 

albumin, fibrinogen, and IgG into the neurosensory retina (NSR, defined as all retinal cell 

types except RPE) has been used previously to demonstrate BRB dysfunction in diabetic 

retinopathy (Cheung et al., 2005; Murata et al., 1992; Vinores et al., 1989). In this study, 

detection of elevated levels of albumin, fibrinogen, IgG, C9, within the NSR would suggest 

BRB dysfunction and subsequent leakage from the systemic circulation.

Frozen, post mortem whole NSRs were obtained from the Alabama Eye Bank and the 

Minnesota Lions Eye Bank. All eyes were obtained with the written consent of the donor or 

the donor’s next of kin in accordance with the Declaration of Helsinki. The Alabama Eye 

Bank provided 4 normal eyes comprised of 2 females and 2 males: mean age, 83 ± 2.7 years. 

The 3 non-exudative AMD eye donors comprised 2 females and 1 male: mean age, 82 ± 4.0 

years. The non-exudative AMD group comprised 1 eye with geographic atrophy (GA) and 2 

eyes with intermediate AMD. An additional donor eye with exudative AMD was obtained as 

a positive control but was excluded from statistical analysis. All eyes had post mortem 
interval (PMI), <6 hours. Ascertainment of AMD in donor eyes were based on independent 

gross evaluations by an AMD histopathologist and an AMD pathologist/AMD clinician 

(Chowers et al., 2006). Donor cause of death did not include sepsis. Eyes were dissected, 

stored, and NSR protein was extracted for Western analysis as previously described 

(Chowers et al., 2006; C.-M. Li et al., 2005)

An additional cohort of age/PMI matched donor eyes was obtained from the Minnesota 

Lions Eye Bank. The 5 normal (MGS1) eye donors comprised 2 females and 3 males: mean 

age, 78 ± 0.9 years; mean PMI, 19 ± 1.7. The 5 intermediate AMD (MGS3) eye donors 

comprised 3 females and 2 males: mean age, 78 ± 0.9 years; mean PMI, 19 ± 0.9. 

Ascertainment of AMD in donor eyes was determined by a board certified Ophthalmologist 

using the criteria of the Minnesota Grading System (MGS) (Decanini et al., 2007; Olsen and 

Feng, 2004). Donors who died from sepsis were excluded from the study. Tissue handling, 

storage, and donor exclusion criteria were described previously (Karunadharma et al., 2010; 

Terluk et al., 2015). NSR protein lysates were extracted using Laemmli SDS lysis buffer 

supplemented with protease/phosphatase inhibition mixture and PMSF (Cell Signaling 

Technology, Danvers, MA, USA) according to standard methods (Y. Li et al., 2015). Protein 

concentration was measured using the Pierce BCA Protein Assay Kit (23225; Thermo 

Scientific, Rockford, IL, USA) according to the manufacturer’s protocol.
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NSR lysates from both cohorts were studied by Western analysis as previously described (Y. 

Li et al., 2015). Primary antibodies used were as follows: rabbit anti-albumin (1:1,000; Cell 

Signaling Technology, Danvers, MA, USA), mouse anti-fibrinogen (1:1,000; Abcam, 

Cambridge, MA, USA), goat anti-IgG with HRP conjugate (1:10,000; Invitrogen, Carlsbad, 

CA, USA), mouse anti-hC9 (1:1000; R & D systems, Minneapolis, MN, USA). Secondary 

antibodies used were as follows: donkey anti-rabbit (1:5,000; ECL Rabbit IgG, HRP-linked 

whole antibody), and donkey anti-mouse (1:5,000; ECL Mouse IgG, HRP-linked whole 

antibody) (GE Healthcare, Chicago, IL, USA). Mouse anti-a-tubulin (1:10,000; Sigma-

Aldrich, Inc., St Louis, MO, USA) served as an internal loading control. Immunoblots were 

probed for plasma proteins, stripped with Restore Western Blot Stripping Buffer (21059; 

Thermo Scientific, Rockford, IL, USA) for 15 minutes, re-probed for additional plasma 

proteins, and lastly probed for a-tubulin. Imaging was performed using the GE Amersham 

Imager 600 (GE Healthcare, Chalfont St. Giles, UK). FIJI software was used for band 

densitometry (Schindelin et al., 2012). Mean +/− SEM was calculated for each group. 

Student’s two-group, two-tailed unpaired t-test was used for statistical analysis of relative 

pixel density. The exudative AMD sample was excluded from statistical analysis because 

this disease process is known to involve neovascular blood vessel leakage. All statistical 

analyses were performed using GraphPad Prism 7.0 (San Diego, CA, USA).

Western analysis was performed on a cohort of normal and AMD eyes from the Alabama 

Eye Bank with antibodies to detect the serum proteins albumin and fibrinogen. In NSR 

protein extracts, levels of albumin were significantly higher in non-exudative AMD than in 

normals (Fig. 1A–B). There was a non-significant 2.7 fold increase in fibrinogen levels in 

non-exudative AMD as compared to normals (Fig. 1 C–D). Immunoblots were also 

performed with antibodies that detect the immune mediators IgG and C9. There was a non-

significant 2.8 fold increase in IgG levels in non-exudative AMD as compared to normal 

(Fig. 1E–F). In addition, the levels of C9 were significantly higher in non-exudative AMD 

than in normal (Fig. 1G). All serum protein levels, except for albumin, were highest in the 

NSR of the exudative AMD donor. These findings were expected, because BRB leakage is 

known to occur in exudative AMD.

To further investigate validity of the initial findings, Western analysis was performed on an 

independent cohort of eyes classified as MGS3 (intermediate AMD) and MGS1 (normal) 

from a different eye bank. In this group, MGS3 and MGS1 eyes were matched for age and 

PMI, and samples were obtained from both the macula and nasal periphery to see if BRB 

compromise was limited to the macula. In NSR protein extracts from both macula and nasal 

periphery, the levels of albumin, fibrinogen, IgG, and C9 were significantly higher in the 

MGS3 group than in the MGS1 group (Fig. 2).

Overall, we found increased levels of serum proteins including immune mediators within the 

NSR of eyes with intermediate non-exudative AMD as compared to normals. These findings 

were observed across two distinct cohorts that were both age and PMI matched. Together, 

these results suggest the possibility of BRB leakage not previously appreciated in non-

exudative AMD. Such consistent results across two cohorts strengthen our findings. While 

this is a novel concept in AMD, it has been observed in other age-related neurodegenerative 

disorders. Early blood-brain barrier (BBB) dysfunction with subsequent leakage of plasma 
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proteins into the CNS has been shown in mouse models of Alzheimer’s disease (AD) and in 

post mortem human brains with early AD. In addition, BBB and blood spinal cord barrier 

leakiness have been shown to contribute to amyotrophic lateral sclerosis, Parkinson’s 

disease, and Huntington’s disease (Nelson et al., 2016).

Interestingly, increased levels of serum proteins in the NSR of intermediate AMD eyes as 

compared to normal controls were found in tissue obtained from both the macula and 

periphery. While leakage and accumulation of harmful serum components is known to 

contribute to degeneration of the macula, damage to the peripheral retina has been 

previously underappreciated in AMD. However, with the advent of peripheral retinal 

imaging systems, associations between AMD OCT macular findings and peripheral lesions 

have been documented (Ung et al., 2019), and peripheral retinal changes were found to be 

more prevalent in eyes with AMD than in control eyes (Domalpally et al., 2017). 

Additionally, equivalent mitochondrial DNA damage has been found in macular and 

peripheral RPE from AMD donor eyes. This suggests damage in the peripheral retina along 

with the macula, as there is evidence that mitochondrial dysfunction may play a key role in 

the pathological mechanism of AMD (Terluk et al., 2015).

Prior studies have shown that intraretinal fluid (IRF) or subretinal fluid (SRF) are found in 

about 20% of intermediate AMD eyes in the absence of choroidal neovascularization (Lek et 

al., 2018; Sleiman et al., 2017). This fluid accumulation could result from leakage through 

the RPE or vascular endothelial cells, which would support our hypothesis that there is BRB 

dysfunction in non-exudative AMD. However, our data also suggest that subclinical leakage 

likely occurs in the majority of intermediate AMD eyes, and thus in most instances is not 

detectable by FA or OCT. This could be due to slow plasma leakage, with reabsorption of 

aqueous plasma content, but not plasma proteins, prior to clinically observable buildup.

It is important to note the possibility that our findings might simply reflect increased levels 

of protein within the plasma of patients with AMD, as the samples contained blood within 

the retinal vasculature. However, this explanation is unlikely, as a previous study found no 

significant difference in the concentration of plasma proteins such as total IgG and albumin 

in protein extracts from Bruch’s membrane and choroid in MGS3 donor eyes as compared to 

MGS1(Loyet et al., 2012). In addition, The Blue Mountains Eye Study showed that while 

the plasma fibrinogen level is significantly associated with late AMD, there is no association 

between the plasma fibrinogen level and earlier stages of AMD (Smith et al., 1998).

Another alternative explanation for our findings might be that there is de novo synthesis of 

the measured proteins within the diseased retina. However, this is unlikely to account for our 

results, as a database of AMD transcriptomics from peripheral NSR (Brooks et al., 2019; 

Ratnapriya et al., 2019) and macula (Kwicklis, M, and Swaroop, A, unpublished) showed no 

difference in albumin mRNA levels in the NSR of intermediate AMD (MGS3) eyes as 

compared to age-matched normals (MGS1). Additionally, mRNA transcripts for fibrinogen, 

IgG, and C9 were undetectable, suggesting that synthesis of these proteins does not occur 

within the NSR of AMD or normal eyes.
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Further investigation of the role of BRB dysfunction in non-exudative AMD is needed. The 

present study does not show localization of serum proteins within the neural retina, which 

would be worthwhile in a future analysis. Preliminary immunolabeling suggests albumin and 

IgG can localize to the photoreceptor outer segments, while the membrane attack complex 

(MAC), a component of the terminal complement cascade, can localize to the outer 

plexiform layer (data not shown). In addition, clinical studies aiming to detect slow or 

intermittent BRB leakage in patients with intermediate AMD are warranted. These could 

include serial OCT and FA, including nighttime imaging.

In conclusion, we show increased abundance of serum proteins including immune system 

components in the NSR of eyes with intermediate non-exudative AMD. This suggests that 

BRB dysfunction may play a role in non-exudative AMD and could inform new therapeutic 

directions. Current treatments for exudative AMD target abnormal retinal vascular 

permeability and reverse the effects of BRB breakdown, such as accumulation of intraretinal 

and subretinal fluid. However, other than AREDS2 vitamins, which reduce the risk of 

progression from early to advanced AMD by 25% (Age-Related Eye Disease Study 2 

Research Group, 2013) there are currently no widely accepted treatments for non-exudative 

AMD, largely due to limited understanding of its pathophysiology (Arroyo, 2006). If 

leakage and subsequent accumulation of harmful agents in the photoreceptor layer might 

contribute to disease progression of non-exudative AMD, therapies that aim to tighten the 

BRB could have a therapeutic role. For example, the VEGF pathway and the β-catenin-

dependent signaling of the Wnt pathway have been shown to play central roles in BBB and 

BRB development and maintenance. Thus, pharmacologic inhibition of VEGF or 

enhancement of Wnt signaling could possibly be exploited to limit BRB leakage. Wnt 

agonists with therapeutic potential have been developed (Janda et al., 2017; Wang et al., 

2012). Additional molecules that have been shown to promote microvascular stabilization 

include activated protein C (APC), CypaA inhibitors, and MMP-9 inhibitors, and could be 

further studied as possible pharmacological interventions for non-exudative AMD (Nelson et 

al., 2016). Further, the finding of elevated C9 within AMD NSR retinas suggests that anti-

complement therapeutics may need to achieve therapeutic levels within the NSR.
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Non Standard Abbreviations:

BRB blood-retinal barrier

AMD age-related macular degeneration

PMI post mortem interval
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C9 complement component 9

MAC membrane attack complex

RPE retinal pigment epithelium

FA fluorescein angiography

OCT optical coherence tomography

BBB blood-brain barrier

NSR neurosensory retina (includes all retinal cell types except RPE)

GA geographic atrophy
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Highlights:

• Non-exudative AMD retinas have elevated levels of plasma proteins 

compared to normals

• Serum immune system proteins IgG and complement C9 are more abundant 

in AMD retinas

• Subclinical BRB leakage in non-exudative AMD would explain these findings
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Fig. 1: 
Western analysis of post mortem NSR protein from the Alabama Eye Bank with 

corresponding pixel density graphs. Immunoblots were done with the following antibodies: 

albumin (A), fibrinogen (B), IgG (C), C9 (D). Loading control α-tubulin (50kDa) bands are 

shown below each set of lanes. Graphs show band densitometry normalized to loading 

control calculated using Image J software. Numbers represent mean values (±SEM). AMD 

human NSR (n=3) and normal human NSR (n=4). Exudative AMD (n=1) served as a 

positive control and was excluded from statistical analysis. GA, geographic atrophy; Ex, 

exudative AMD; Dr, drusen only. Statistical analysis was performed using student’s two-

tailed unpaired t-test. * p<0.05, ** p<0.01
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Fig. 2: 
Western analysis of post mortem NSR protein from macula with corresponding pixel density 

graphs (A, C, E, G) and from nasal periphery with corresponding pixel density graphs (B, D, 

F, H) obtained from the Minnesota Lions Eye Bank. Immunoblots were done with the 

following antibodies: albumin (A,B), fibrinogen (C,D), IgG (E,F), C9(G,H). Loading control 

α-tubulin (50kDa) bands are shown below each set of lanes. Graphs show band densitometry 

normalized to loading control calculated using Image J software. Numbers represent mean 

values (±SEM). MGS1 (n=5) indicates normal, MGS3 (n=5) indicates intermediate AMD. 
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Statistical analysis was performed using student’s two-tailed unpaired t-test. p<0.05, ** 

p<0.01.
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