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A
ge-related macular degeneration (AMD) is

the leading cause of blindness in developed

countries.1 It is a continual challenge for oph-

thalmologists and vision researchers to devel-

op new, effective therapeutic regimens that can target

the disease in its early stages and prevent progression to

severe irreversible blindness. 

AMD is commonly divided into two main subtypes:

dry AMD, a form of slowly progressive geographic atro-

phy of the macula, and wet AMD, which rapidly pro-

gresses to blindness and involves abnormal formation

of blood vessels in the macula, a process known as

choroidal neovascularization (CNV). It is believed that

the pathology of AMD starts with the chronic, slowly

progressing dry form and later develops into the more

severe wet form rendering the patient blind. 

In the past decade, several chemotherapy agents have

been identified as effective drugs to treat wet AMD,

reverse vessel formation, and improve vision. However,

adequate treatment for dry AMD is lacking. Laser-

induced CNV is a widely used animal model of wet

AMD in a variety of species, but such an acute injury

may not share mechanisms with long-term disease pro-

gression.2 The complexity of pathologic changes associ-

ated with dry AMD makes it more difficult to study. A

number of both genetic and induced animal models

representative of dry AMD have been developed with

the prospect of mapping the pathologic mechanisms

that trigger the onset of disease. Uncovering these

mechanisms would enable the development of both

innovative diagnostic assays to detect initial stages of

the disease and targeted therapies focused on preven-

tion and early treatment.

Clinical funduscopic examination showing yellow

spots called drusen in the areas proximal to the fovea or

macula is a diagnostic feature of dry AMD.

Histopathologic features of dry AMD include atrophy

and loss of retinal photoreceptors and retinal pigment

epithelium (RPE), deposition of drusen between the

RPE and Bruch membrane along the chorioretinal inter-

phase, and accumulation of lipofuscin (A2E). 

Most animal models of dry AMD are based on find-

ings from human studies and therefore attempt to

mimic the human histopathology of retinal degenera-

tion. These animal models, which are most commonly

murine, present either one of the aforementioned histo-

logic features or a combination of them. Although the

mouse retina lacks a macula, the vast amount of genetic

and biologic manipulations available in the mouse pro-

vides researchers with multiple cost-efficient opportuni-

ties to dissect the various histologic and clinical mani-

festations of dry AMD and achieve interdisciplinary

study of such a complex disease. For instance, many

studies have shown that inflammatory processes are

involved in the progression of disease, with the pres-

ence of acute-phase proteins, complement deposition,

macrophage and microglial infiltration, and cytokine

expression in affected tissue. 

The aim of this article is to review and delineate the
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known dry AMD mouse models (Table 1). In these

models, either a genetic mutation is associated with the

development of disease (genetic models) or the disease

is induced by exogenous stimulation (induced models). 

GENETIC MODEL S

Inflammatory gene models. The discovery of activated

complement factor proteins in drusen from AMD

patients3 opened the door to the study of immunolog-

ic factors involved in AMD. Likewise, genetic polymor-

phisms within the complement factor H (CFH) gene

were found to be associated with development of

AMD.4-7 Several murine models have been developed

to dissect the possible mechanisms underlying disease

progression in AMD. One of them is the Cfh-/- mouse

model.8 Homozygosity of Cfh genes in humans leads to

complement pathway deregulation, while homozygous

mice show uncontrolled C3 activation and accumula-

tion in the retina and disorganization of the photore-

ceptor outer segment. However, contrary to AMD

pathological findings, Cfh-/- mice show thinning of

Bruch membrane and reduced drusen deposition

instead of membrane thickening and increased drusen.

However, it has been reported that transgenic mice

carrying human CFH mutations can develop AMD-like

phenotypes.9

There are also models that study the role of inflamma-

tory macrophages in the development of AMD. By genet-

ically altering macrophage recruitment, cytokine signal-

ing, and expression, the Ccl2-/- and Ccr2-/- murine mod-

els have both shown histopathologic findings that mimic

AMD as early as 9 months of age.10 The basis behind

these models is that Ccl2 (the macrophage chemoattrac-

tant protein-1, or MCP-1) binds to its receptor (Ccr2)

and serves as the basis for inflammatory signaling involv-

ing these cells. Aberrant signaling in this model correlates

with subretinal drusen deposits, Bruch membrane thick-

ening, and extracellular matrix (ECM) disruption at 

72 I RETINA TODAY I APRIL 2011

COVER STORY

TABLE 1. KNOWN DRY AMD MOUSE MODELS

Mouse Model Model Classification Age of Onset Most Common Lesions

abcr-/-  Genetic week 44 Melanosome-phagosome fusion particles, thickening apical
RPE and Bruch membrane, lipofuscin granules

ELOVL4 Genetic 2-7 months RPE vacuolization, undigested outer segments in the subreti-
nal space, pigment granule deposits 

Efemp1-R345W Genetic 4 months RPE vacuolization, loss of RPE basal infolding organization,
activated levels of C3 in the RPE

Timp3S156C/S156C Genetic 8 months RPE cell microvilli disruption

Cfh-/- Inflammatory Gene 12-24 months Thinning of Bruch membrane, reduced drusen deposition 

Ccl2-/- and Ccr2-/- Inflammatory Gene 9 months Subretinal drusen deposits, Bruch membrane thickening,
ECM disruption, photoreceptor pyknosis, RPE vacuolization,
CNV 

Cx3cr-/- Inflammatory Gene 12 months Subretinal microglial infiltration, retinal thinning

Ccl2-/-/Cx3cr1-/- Inflammatory Gene 4-6 weeks Drusenoid deposits, retinal atrophy, RPE vacuolization, lipo-
fuscin depostis, C3d deposition, macrophage infiltration

CEP Immunology 40-60 days post-
immunization

RPE cell hypertrophy and vacuolization, inflammatory cell
infiltration, RPE cell lysis, C3d deposition, Bruch membrane
thickening

Sod1-/- Oxidative Stress Gene 7 months Drusenoid deposits, RPE vacuolization 

Sod2 knockdown Oxidative Stress Gene 4 months RPE vacuolization and atrophy, thickening of Bruch mem-
brane 

ApoE-/- Metabolic 2 months RPE vacuolization



9 months of age. With senescence, these mice develop

geographic atrophy of the RPE, photoreceptor pyknosis,

RPE vacuolization, and CNV. The latter features are found

in mice 16 to 24 months of age.10 

Retinal microglial cells also play a role in AMD.11 These

cells express the CX3C chemokine receptor 1 (CX3CR1),

and homozygosity of the CX3CR1 M280 and V249I alleles

is associated with AMD development.12,13 Twelve-month-

old Cx3cr-/- mice show subretinal infiltration of microglia

that contain outer segment lipids, and these cells show

signs of intracellular drusen-like material with age.

Interestingly, combined Ccl2-/-/Cx3cr1-/- mice show

accelerated AMD-like pathology that progresses to spon-

taneous CNV in approximately 15% of compound

mutants.14 Together, these data point to a role for both

microglia and macrophages in AMD pathogenesis. 

Models testing oxidative stress-associated and lipid metabo-

lism genes. The in vivo model of immune-mediated retinal

degeneration described by our group15 is based on the link

between oxidative damage and lipid metabolism. In an

attempt to resist a highly oxidative environment, the retina

counters with several antioxidant mechanisms, among

which superoxide dismutase (SOD) is the most preva-

lent.16 Therefore, Sod1-/- mice and Sod2 knockdown

murine models were established to test retinal tissue sus-

ceptibility to oxidative damage by eliminating these pro-

tective pathways. Sod1-/- mice develop drusenoid

deposits at around 7 months of age and develop a thicker

Bruch membrane with RPE vacuolization by 12 months.17

The Sod2 knockdown mice start to show earlier AMD-like

changes earlier than the Sod1-/- mice, presenting with RPE

vacuolization, RPE atrophy, and thickening of Bruch mem-

brane by 4 months of age.18 These mice later develop basal

laminar deposits in the RPE. These findings shed some

light on the role of oxidative damage in the development

of AMD and stress the importance of retinal susceptibility

to oxidative processes as an important precipitating factor

in the onset of disease.

Dysregulation of lipid metabolism serves as a starting

point for many common diseases such as hypercholes-

terolemia and atherosclerosis. Lipid deposition is a com-

mon risk factor of AMD, and drusen studies have con-

firmed the presence of apolipoprotein E (ApoE) in these

deposits. Because ApoE aids in the metabolism of neural

lipids and their repair, the already existing ApoE-/-

murine model was used to explore the effects of ApoE

deficiency on the retina. These mice showed early

changes of mild RPE vesiculation at 2 months, while

ApoE-deficient mice who were fed high fat diets showed

more AMD-like pathologic features with age, such as

Bruch membrane thickening, basal infoldings, and sub-

RPE deposits.19 Taken together, these models provide cru-

cial connections among lipid metabolism, oxidative

stress, and the immune system in a complex molecular

network associated with AMD development.

Genetic models of retinal disorders similar to dry AMD. In

addition to the immunologic AMD models described

above, there are several genetic models that represent

other similar retinal degenerative diseases. Data obtained

from these models may yield valuable information regard-

ing the various mechanisms of disease as well as associa-

tions between AMD and other conditions. One of these

models features mice with mutations in the abcr gene,

which codes for the Rim glycoprotein in outer segments;

this model serves as a model for Stargardt disease (STGD),

a recessive form of macular degeneration that presents in

early childhood with development of macular RPE atro-

phy and progressive loss of central vision.20 Abcr-/- mice

show pathologic findings at 44 weeks of age that feature

accumulation of melanosome-phagosome fusion parti-

cles, thickening in apical RPE and Bruch membrane, and

an increase in baseline lipofuscin granules and A2E levels

in both  abcr-/-  and abcr+/- mice when compared with

wild type (WT) mice.21,22 This model showed no evidence

of drusen development at the time points examined.

The elongation of very long chain fatty acids-4

(ELOVL4) mutant model is also used to study AMD-like

pathology because it mimics Stargardt-like macular

degeneration (STGD3), an autosomal dominant disease

that usually arises in the second decade of life with loss of

both central vision and color vision.23 While homozygous

Elovl4-deficient mice are embryonic lethal, transgenic

expression of a human mutant form of ELOVL4 (TG

E_mut+/-) yields RPE vacuolization, undigested outer

segments in the subretinal space, and pigment granule

deposits as early as 2 months of age.24 Significant increas-

es in A2E levels and lipofuscin granules are also seen at 4

months and 7 months, respectively. A 5-base-pair dele-

tion within Elovl4 leads to progressive photoreceptor

degeneration at a range of 6 to 18 months of age.25

Another autosomal dominant maculopathy, Doyne

honeycomb retinal dystrophy, presents with drusen in

the macula in young adults and progresses to atrophy,

neovascularization, and loss of vision by the fifth and

sixth decades of life.26 This maculopathy has been shown

to be caused by an R345W mutation in the EGF-contain-
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ing fibrillin-like ECM protein 1 (EFEMP1) gene, which

encodes fibulin-3 of the ECM proteins expressed in

epithelial basement membranes27 and has been implicat-

ed in AMD pathogenesis.26 Although Efemp1-/- mice do

not show any AMD-like features, the Efemp1-R345W

point mutation knock-in mouse has been shown to have

RPE vacuolization, loss of RPE basal infolding organiza-

tion, activated levels of C3 in the RPE, and deposition of

collagenous debris at as early as 4 months of age.28,29

The Timp3S156C/S156C murine model is used to

study Sorsby fundus dystrophy (SFD), a hereditary, 

late-onset manifestation of retinal degeneration.30

Mutations in tissue inhibitor of metalloproteinases-3

(TIMP-3) have been shown to have a role in ECM 

composition.31 Although SFD patients share many

histopathologic findings with AMD patients, such as

RPE deposition of ECM debris, Bruch membrane thick-

ening, RPE atrophy, and neovascularization, the

Timp3S156C/S156C model has shown only RPE cell

microvilli disruption; it lacks other cardinal features of

dry AMD.

INDUCED MODEL S

Immunology models. Recent data suggest that, in addi-

tion to the innate immune compartment (including

macrophages and complement), adaptive immune

responses (such as autoantibody production) may also

be involved in the onset and progression of AMD.2 A

purely immune-mediated model of AMD has presented

a promising opportunity to study retinal degeneration

from this perspective.15 In studies of humans with

AMD, carboxyethylpyrrole (CEP) adducts were found in

greater numbers in patient with drusen.32 In addition,

higher titers of anti-CEP autoantibodies in patient plas-

ma were detected in AMD patients that in age-matched

control subjects.32,33 CEP is an oxidative byproduct of

the fatty acid docosahexaenoic acid (DHA). Because

DHA is found mostly in the retina, a tissue that is itself

highly susceptible to oxidative damage and light expo-

sure, this model directly tests the effect of immuniza-

tion of WT mice with CEP-modified self-antigens com-

pared with immunization controls.15 Immunized mice

feature AMD-like pathology such as RPE cell hypertro-

phy and vacuolization, inflammatory cell recruitment in

the subretinal space and outer segments, and RPE cell

lysis in young mice. Because these features have been

shown to persist through time in the immunized mice,

this model may serve as an effective way to decrease

the threshold of inflammatory processes that put reti-

nal tissue at risk of developing RPE cell dysfunction and

retinal degeneration at early time points after immu-

nization, providing a short-term model to study this

age-related disease. Currently, a nonhuman primate

model using this approach, which would more realisti-

cally mirror the human disease, is being developed by

our lab and collaborators. Research in this area may lead

to the identification of molecular mechanisms underly-

ing the immunologic processes of early-onset AMD.

Light-induced AMD models. Currently, in the standard

animal model of CNV for most treatment evaluation

experiments, the laser-induced AMD mouse/rat

model,34-39 a krypton laser (blue green or green wave-

length) is used to create breaks in Bruch membrane and

facilitate development of CNV. Use of a krypton laser

with modified settings, including a smaller spot size,

higher intensity, and shorter duration (blue green or

green wavelength, 50 mm, 50 to 350 to 400 mW, 0.05 s)

in C57BL6 mice resulted in a higher frequency (100%) of

histologic evidence of CNV.34

A recent model studying cyclic light-induced oxidative

damage40 involves exposure of albino rats to 12 hours of

3000-lux cyclic light, resulting in microscopic sub-RPE

neovascularization at 1 month, extension of the neovas-

cularization into the outer retina at 3 months, and pro-

gression to extensive neovascularization that involves

retinal vessels at 6 months. This model also shows some

of the hallmarks of dry AMD such as retinal atrophy and

drusen-like deposits. This model provides the opportuni-

ty to study progression of CNV without mechanical stim-

ulation of the retinal tissue.

Smoking-induced AMD model. In addition to age, smok-

ing is widely known to be a risk factor for AMD.41,42 To

test the effects of cigarette smoke in the development of

AMD pathology, a mouse model in which animals are

exposed to cigarette smoke was established.43,44 Affected

mice show pathologic traits of dry AMD, such as RPE

loss, thickening of Bruch membrane, sub-RPE debris dep-

osition, and accumulation of debris within Bruch mem-

brane at 4 to 5 months of age.

CONCLUSION

The etiology of age-related macular degeneration is a

hot topic in vision research, and the challenges of this

disease are being addressed from multiple perspectives.

It is increasingly clear that both innate and adaptive

immunity are involved in the development of AMD.

The recent success of inflammatory gene models and

immunology-based studies, as well as genetic studies in

humans, linking AMD pathogenesis with various com-

ponents of the immune system, has shed light on the

possibility that AMD is a multifactorial disease that is

initiated with an abnormal inflammatory process or an

error in the regulatory pathways that keep these inflam-

matory events in check. 
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The animal models reviewed in this article can

enable researchers to dissect the mechanisms of dis-

ease at early stages of AMD to help develop innovative

therapies that can allow clinicians to detect the dis-

ease early, prevent loss of vision, and restore vision in

patients who are already in later stages of AMD. We

believe that immunoregulatory strategies will make an

efficient transition to the clinic in the not-so-distant

future. ■
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