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Abstract

Age-related macular degeneration (AMD) 
continues to be the leading cause of visual 
impairment for the elderly in developed coun-
tries. It is a complex, multifactorial, progres-
sive disease with diverse molecular pathways 
regulating its pathogenesis. One of the cardinal 
features of the early clinical subtype of AMD 
is the accumulation of lipid- and protein-rich 
deposits within Bruch’s membrane, called dru-
sen, which can be visualized by fundus imag-
ing. Currently, multiple in  vitro and in  vivo 
model systems exist, which can be used to help 
tease out mechanisms associated with different 
molecular pathways driving disease initiation 
and progression. Given the lack of treatments 
for patients suffering from the dry form of 
AMD, it is imperative to appreciate the differ-

ent known morphological endpoints associated 
with the various pathogenic pathways, in order 
to derive further insights, for the ultimate pur-
pose of disease modeling and development of 
effective therapeutic interventions.

Keywords
Age-related macular degeneration · Lipid 
metabolism · Inflammation · Quick-freeze/
deep etch · Retinal pigment epithelial cells · 
Cholesterol · Apolipoprotein

2.1	 �Introduction

Age-related macular degeneration (AMD) is a 
progressive and complex age-related disease. It is 
the leading cause of vision loss among people 
over 50 years of age in the Western world. Since 
the principle risk factor for AMD is advanced 
age, the number of people afflicted with AMD is 
estimated to rise to 288 million people by 2040 
(Wong et al. 2014). A better understanding of the 
pathogenesis of AMD is crucial in identification 
and/or development of preclinical models, 
ultimately leading to effective therapeutics that 
may prevent or reverse this disease.
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To date, several classification schemes of 
AMD have been described, based on in  vivo 
imaging using color fundus photos and optical 
coherence tomography. The Age-Related Eye 
Disease Study (AREDS) is one of the most well-
known systems of classification (Age-Related 
Eye Disease Study Research 2000). It classifies 
AMD into early, intermediate, and late stages. A 
major clinical feature of the disease is extracel-
lular deposition of lipids and proteins underneath 
the retinal pigment epithelium (RPE) known as 
drusen. Early-stage “dry” AMD is characterized 
by the presence of medium-sized drusen (>63 μm; 
<125  μm) and pigmentary abnormalities; 
intermediate-stage “dry” AMD is defined by the 
presence of at least one large druse (>125 μm) 
and numerous medium-sized drusen, or RPE 
atrophy excluding the macular region. Advanced-
stage AMD can manifest in two forms that may 
coexist: (1) geographic atrophy (GA) or late 
“dry,” affecting 85–90% of patients, character-
ized by several large drusen and RPE atrophy 
extending to the center of the macula and (2) exu-
dative AMD, affecting 10–15% of patients, 
defined by choroidal neovascularization and any 
of its associated sequelae such as subretinal fluid, 
hemorrhage, RPE detachment, and/or fibrotic 
scarring (Malek and Lad 2014). A subset of exu-
dative AMD patients respond to antiangiogenic 
treatment targeting vascular endothelial growth 
factor (VEGF), whereas the quest for an effective 
therapy for GA remains elusive to date, due to its 
diverse and complex pathology, which involves 
multiple mechanisms including but not limited to 
dysregulation of lipid metabolism and transport, 
inflammation, complement pathway dysregula-
tion, extracellular matrix (ECM) remodeling, cell 
death, and cell adhesion. The focus of this mini 
review is on the modeling of the pathobiology of 
dry AMD.

2.2	 �Pathobiology of AMD

The pathogenesis of AMD is influenced by cross 
talk between components of the retinal microen-
vironment, namely, photoreceptors, RPE cells, 
Bruch’s membrane (BrM), choriocapillaris, and 

the outer choroid. Though complement has been 
shown to play an important part in regulating the 
health of the choriocapillaris as well as the RPE 
(Chirco et al. 2016), several other pathways have 
been shown to regulate the early stages of AMD 
including lipid metabolism and transport, inflam-
mation, and ECM remodeling, whereas the late 
“dry” AMD seems to converge into pathogenic 
pathways such as cell senescence and death 
(Miller et al. 2017). Thus it would be valuable to 
develop a targeted approach to understanding 
modeling of disease phenotypes as well as iden-
tify quantifiable endpoints targeting these 
pathways.

2.2.1	 �Lipid Metabolic Dysregulation 
in AMD

One of the defining characteristics of early “dry” 
AMD is the accumulation of lipid-rich deposits 
between the RPE and BrM, as well as within 
BrM, which vary in size, thickness, and conflu-
ence (Klein et al. 1991). It has been shown that at 
least 40% of drusen volume is comprised of lip-
ids (Wang et al. 2010). Components of drusen are 
derived from the  retina, RPE, and to a lesser 
extent, the choroidal circulation. This retention of 
lipids causes formation of a variety of deposits, 
not only drusen but also basal laminar deposits 
(BLamD, between RPE and its plasma mem-
brane) and basal linear deposits (BLinD, between 
the  RPE and inner collagenous layer of BrM) 
(Curcio et al. 2011). Furthermore, genome-wide 
association studies (GWAS) of AMD patients 
have led to the identification of multiple lipid 
metabolism-related genes like ABCA1, ABCA4, 
APOE, CETP, and LIPC (Yu et al. 2011; Merle 
et  al. 2013). Complementary to the GWAS 
reports, several epidemiological studies that have 
investigated the role of statins and AMD, point 
toward an association between circulating lipid 
levels and drusen formation (Klein et  al. 2014; 
Vavvas et  al. 2016). Possible mechanisms of 
statin therapy have been postulated, including 
changes in lipoprotein metabolism, improvement 
in lipid efflux, lipid clearing by macrophages, 
and anti-inflammatory and protective effects on 
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RPE cells. Collectively, these studies suggest that 
AMD may be reversible anatomically and func-
tionally, and establishes lipid metabolism and 
transport as a viable target for disease modeling 
and therapy development.

Key players in cholesterol transport and lipid 
metabolism are apolipoproteins (apo), proteins 
that have been shown to accumulate in drusen. 
Accordingly, multiple studies have been con-
ducted to date investigating the role of apolipo-
proteins  using in  vivo modeling, often 
incorporating an additional stressor such as 
dietary manipulation. For example, apo∗E3-
Leiden mice (modeling human type III hyperli-
poproteinemia) when fed a high-fat diet for 
9 months developed BLamD, composed of elec-
tron dense material similar to that seen in human 
AMD and immunoreactivity toward apoE, sup-
porting apoE’s involvement in BLamD develop-
ment (Kliffen et  al. 2000). Further, aged mice 
expressing the human APOE4 allele maintained 
on a high cholesterol diet developed AMD-like 
pathology, including diffuse sub-RPE deposits, 
thickened BrM, and RPE atrophy (Malek et  al. 
2005). The apolipoprotein (apo) A-I mimetic 
peptide 4F, a small anti-inflammatory and anti-
atherogenic agent, when delivered via intravitreal 
route in apoEnull mice displayed improvement in 
BrM’s health and lessened the esterified choles-
terol levels in BrM (Rudolf et  al. 2018). Since 
apoB lipoprotein particles have been detected in 
BrM in early-stage “dry” AMD, transgenic mice 
expressing human apoB100 have been generated. 
High-fat diet and photooxidative injury in these 
transgenic mice resulted in loss of basal infold-
ings and cytoplasmic vacuoles in the RPE, in 
addition to accumulation of BLamD and long-
spacing collagen in BrM (Espinosa-Heidmann 
et  al. 2004; Fujihara et  al. 2009). Additionally 
mice expressing mouse apoB100 develop lipo-
protein accumulations in their BrM (Fujihara 
et al. 2014). These studies are consistent with the 
hypothesis that under conditions of hyperlipid-
emia, the RPE may secrete apoB100-rich lipo-
proteins to counter lipotoxicity, which may lead 
to the formation of lipid-rich deposits as seen in 
early-stage “dry” AMD.  This may explain the 
aging effect, which in combination with photo-
oxidative injury, leads to lipid accumulation, cul-

minating in the formation of sub-RPE deposits. 
The accumulation of drusen can be exacerbated 
by inflammation, as discussed in the next 
section.

2.2.2	 �Inflammation in AMD

Inflammation and immune dysfunction are other 
pathogenic mechanisms associated with AMD 
development and central to early stages of the dis-
ease. With aging, the retina suffers from a low-
grade chronic oxidative insult, which it reportedly 
sustains for decades. Therefore, the 
inflammation/“para-inflammation” may at a given 
point cross a threshold, become pathogenic, and 
lead to disease development. Noteworthy is that 
human histological/biochemical evaluation of 
para-inflammation in the AMD eye is limited to 
studies that have shown involvement of CD163+, 
CD68,+ and complement factor-3+ cells in AMD 
specimens (Lad et  al. 2015; Wang et  al. 2015; 
Natoli et al. 2017). In light of the “para-inflamma-
tion” hypothesis, the potential for modulating the 
inflammatory response is currently being  evalu-
ated as a therapeutic avenue in AMD.

An element of inflammation that has been 
postulated to regulate AMD pathogenesis is the 
NACHT, LRR, and PYD domains containing 
protein 3 (NLRP3) inflammasome. It is a large 
multiprotein complex within the immune cells 
that functions in the innate immune response 
pathway as a molecular platform for activation of 
caspase-1 and subsequent maturation and secre-
tion of biologically active interleukin-1β (IL-1β) 
and IL-18 (Schroder and Tschopp 2010). Terallo 
et  al. described that accumulation of Alu RNA 
transcripts in RPE following DICER1 loss 
primed and activated the NLRP3 inflammasome 
in RPE, leading to IL-1β- and IL-18-mediated 
RPE degeneration (Tarallo et al. 2012).

2.3	 �Potential Endpoints 
for Preclinical Studies

This mini review has attempted to present some 
aspects of dry AMD pathobiology, with a focus 
on the role of lipid metabolism and inflammation 
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in the progression of the disease. Transgenic 
mouse models are an effective tool to study the 
contribution of specific molecular pathways to 
the pathogenicity of AMD. Targeting molecular 
pathways necessitates the use of unambiguous 
endpoints to elucidate the role of a particular 
pathway. For example, characterization of lipids 
present in mouse BrM requires staining reagents 
to establish the normal baseline, which then may 
be compared against genetic or dietary manipula-
tions. Oil red O is a histological tool that may be 
employed to stain a class of lipids called neutral 
lipids which encompasses triglycerides (TG), 
esterified cholesterol (EC), and fatty acids (FA). 
Furthermore, EC and unesterified cholesterol 
(UC) can be distinguished by a fluorescent, poly-
ene antibiotic filipin stain. Successful filipin 
staining has been shown in human tissue sections 
and cultured cells (Curcio et  al. 2011). 
Ultrastructural studies using transmission elec-
tron microscopy (TEM) have long been a bench-
mark to study deposits in human tissue and 
animal models. It provides detailed visualization 
of photoreceptor outer segments, RPE cells and 
BrM. Using TEM, studies have illustrated elec-
tron dense materials below the RPE, RPE pig-
mentary changes, BrM thickening, and changes 
in the choriocapillaris. Detailed views of ocular 
lipoprotein particles and ECM changes have also 
been made possible by quick-freeze/deep etch, a 
tissue preparation technique used in conjunction 
with electron microscopy that can produce three-
dimensional images of tissue structure and mac-
romolecular elements while preventing the 
introduction of post-processing artifacts (Ismail 
et al. 2017). Finally, immunohistochemical stains 
may be used to visualize lipid accumulations 
using antibodies against apoB, apoE, perilipin, 
and E06, which bind to proteins covalently modi-
fied by oxidized phospholipids (Malek et  al. 
2003; Harris et al. 2013).

Assessment of inflammation is also important 
as an in vitro, ex  vivo, or in  vivo endpoint and 
may be performed by surveying for immune cells. 
Retinal and RPE-choroid flatmounts are an excel-
lent way to get an overview of the resident microg-
lial cells to establish a baseline. The number and 
density of microglia can be used to evaluate the 

effect of injury/insult or transgene expression. 
Various antibodies can be employed for this pur-
pose, namely, Iba1 (ionized calcium-binding 
adaptor molecule 1), F4/80, CD68, and CD45. In 
addition to the number/density of immune cells, 
the morphological characterization of microglia/
macrophage may be used as a measure of inflam-
matory status. Macrophages can differentiate into 
either classically activated M1 phenotype, charac-
terized by the expression and production of pro-
inflammatory mediators including IL-1β, TNF-α, 
and IL-6 as well as an increased expression of 
surface markers such as CD16/32, CD86, CD40, 
and inducible nitric oxide synthase, which have 
been reported to drive the inflammatory process. 
Additionally, the M2 macrophages express high 
levels of arginase-1 and IL-10 but low levels of 
IL-12 and IL-23 and are usually induced by anti-
inflammatory cytokines IL-4 and IL-13.

2.4	 �Summary

Investigation into the pathological mechanisms of 
a complex and multifactorial disease such as AMD 
may entail the use of an assortment of model sys-
tems, each of which may target distinct disease-
associated pathways. It is imperative to develop a 
comprehensive understanding of potential end-
points associated with each model system in order 
to delve deeper into mechanistic questions as well 
as develop effective therapeutic modalities.
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