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Apolipoprotein B100 (apoB100) is the structural protein of cholesterol carriers including low-density lipoproteins. It is a constituent
of sub-retinal pigment epithelial (sub-RPE) deposits and pro-atherogenic plaques, hallmarks of early dry age-related macular
degeneration (AMD), an ocular neurodegenerative blinding disease, and cardiovascular disease, respectively. Herein, we
characterized the retinal pathology of transgenic mice expressing mouse apoB100 in order to catalog their functional and
morphological ocular phenotypes as a function of age and establish measurable endpoints for their use as a mouse model to test
potential therapies. ApoB100 mice were found to exhibit an age-related decline in retinal function, as measured by
electroretinogram (ERG) recordings of their scotopic a-wave, scotopic b-wave; and c-wave amplitudes. ApoB100 mice also displayed
a buildup of the cholesterol carrier, apolipoprotein E (apoE) within and below the supporting extracellular matrix, Bruch’s
membrane (BrM), along with BrM thickening, and accumulation of thin diffuse electron-dense sub-RPE deposits, the severity of
which increased with age. Moreover, the combination of apoB100 and advanced age were found to be associated with RPE
morphological changes and the presence of sub-retinal immune cells as visualized in RPE-choroid flatmounts. Finally, aged apoB100
mice showed higher levels of circulating and ocular pro-inflammatory cytokines, supporting a link between age and increased local
and systemic inflammation. Collectively, the data support the use of aged apoB100 mice as a platform to evaluate potential
therapies for retinal degeneration, specifically drugs intended to target removal of lipids from Bruch’s membrane and/or alleviate
ocular inflammation.
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INTRODUCTION
Age-related macular degeneration (AMD) is the leading cause of
vision loss among the elderly in the western world1. Approxi-
mately 80% of patients with AMD are diagnosed with the early dry
subtype, characterized by the accumulation of lipid and protein
filled material within and extracellular to the retinal pigment
epithelium (RPE)2–4. To date a sundry of genetic and environ-
mental risk factors impacting AMD development and progression
have been discovered5–7, precipitating identification of putative
pathogenic pathways important in promoting salient disease
features. However, because central etiologic aspects of early dry
AMD remain elusive, no therapeutic options have been developed
for this subset of patients. This unmet need is the driving factor for
not only further characterizing the pathobiology of AMD and
discovering novel disease mechanisms, but also delineating retinal
function and morphology of potential animal models that may be
used as a pre-clinical platform to test potential therapies.
To date, the most common strategies used for creating pre-

clinical animal models of AMD have relied on targeted modula-
tions of genetic and environmental risk factors, in particular, in
mice8,9. Another strategy commonly used with in vivo modeling
has been the modulation of pathogenic pathways associated with

AMD onset and progression, including the administration of
chemical oxidizing agents to induce injury such as sodium
iodate10–13. Arguably, two consistently reported potential AMD-
related pathogenic pathways have been dysregulation of lipid
homeostatic and immune pathways8,14–17. Specifically, neutral
lipids continuously accumulate in the multi-laminar extracellular
matrix called Bruch’s membrane (BrM) of normal eyes with
aging18. This buildup of extracellular lipid rich deposits and
inflammatory material, within and below the RPE in the form of
basal laminar deposits, basal linear deposits, and drusen, are key
histopathologic and clinical findings that separate aging-related
changes from early, dry AMD2.
Studies on the composition of these lipid deposits and their

potential sources have been carried out in some detail18–23, and
resulted in identification of cholesterol carriers such as apolipo-
protein B (apoB)18,21,24–26. Apolipoproteins, are amphipathic
molecules involved in lipid delivery, acceptance and modification,
which along with phospholipids, triglycerides and cholesterol
esters, are constituents of lipoprotein complexes27. ApoB protein
localizes to Bruch’s membrane and drusen21,28,29, and its gene
presents as either full length (apoB100) or a truncated variant
(apoB48). While, apoB100 is a component of several atherogenic
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lipoproteins including low-density lipoproteins (LDL), very LDL
(VLDL), and intermediate LDL (ILDL), apoB48 (apoB48), is the major
protein component of chylomicrons27. Importantly, the accumula-
tion of apoB has been indicated as an initiator and sustainer of
inflammation, another important factor in AMD development and
progression.
Mice have a similar RPE and rod/cone photoreceptor density to

the human perifovea, the location of the earliest AMD changes30.
Thus, mice are a reasonable model to study early AMD
pathogenesis. However, due to the strong effects of the editing
enzyme APOBEC1, mice predominantly produce apoB48 and
minimal apoB100. With this in mind and given that apoB
accumulates within human Bruch’s membrane and drusen21,28,29,
the ocular morphology of a transgenic mouse model, which
exclusively expresses apoB10031, was investigated by Fujihara
et al.32. They found that the RPE-choroid in these mice produce
apoB100, as detected by metabolic labeling, gene expression, and
immunohistochemical staining32. Additionally, they found that
cholesterol ester deposition within BrM of apoB100 mice did not
vary in young mice aged between 2 and 8 months. Since
advanced age drives AMD development, in the current study, we
set out to comprehensively characterize ocular morphology and
retinal function, in vivo, and morphological changes, ex vivo,
evaluating histology at the ultrastructural level in middle aged
(8–12-month-old) and old (17–21-month-old and 24–28-month-
old) apoB100 mice, the latter of which is comparable in age to the
risk age for AMD in humans. We found that in apoB100 mice,
retinal function, as evaluated with electroretinography (ERG),
declines with age effecting photopic b- wave, scotopic a-, b-wave,
and c-wave amplitudes. Clinically, apoB100 mice, as observed by
fundus imaging and optical coherence tomography (OCT),
develop scattered lesions in the inner and outer retina which
increase in frequency with age. Histopathologically, neutral lipids
and apolipoprotein E (apoE) accumulate in BrM and in thin diffuse
sub-retinal pigment epithelial (sub-RPE) lesions, concomitant with
the accumulation of sub-retinal immune cells at the RPE layer, and
in regions of RPE atrophy. Overall, with age, apoB100mice develop
morphological and molecular features similar to that observed in
early AMD that can be evaluated experimentally. Furthermore, our
comprehensive characterization of this mouse model supports its
use as a platform to test potential therapeutics targeting ocular
degenerative diseases associated with aging, such as AMD, that
present with retinal degeneration and ocular inflammation.

MATERIALS AND METHODS
Transgenic mouse model
Male and female apoB100 on a C57/S129 background or C57/S129 mice
B6.12932 (from the Handa Lab and available from Jackson Laboratories, Bar
Harbor, ME, USA) were maintained in a temperature (25 °C) and light
controlled (12 h light/12 h dark) environment, provided standard mouse
chow and water ad libitum. The apoB100 mice (Strain #:002877; B6;129S7-
Apobtm2Sgy/J) were generated after a CTA to TTA mutation was introduced
to sequences corresponding to the apoB48 editing codon (codon 2179) in
exon 26. While the expression of apoB100 is unaffected by this mutation,
little to no apoB48 is produced. As mentioned in the original publication by
Farese et al.31 the genetic background of the mice was described as 50%
C57BL/6 and 50% 129/Sv31. All mice were screened for the retinal
degeneration 8 (rd8) mutation as previously described (Fig. S1)33. Briefly,
DNA was isolated from mouse tail biopsy samples (<5mm) by incubating
them for 24 h at 55 °C in lysis buffer (10mM Tris, 100 mM NaCl, 10 mM
EDTA, 0.5% SDS, 4 mg/ml Proteinase K). The mutation was identified using
a method described by Mehalow et al34. Primer sequences are as follows:
mCrb1 mF1: GTGAAGACAGCTACAGTTCTGATC; mCrb1 mF2: GCCCCTGTTTG
CATGGAGGAAACTTGGAAGACAGCTACAGTTCTTCTG; and mCrb1 mR: GCCC
CATTTGCACACTGATGAC. For PCR amplification at least 25 ng DNA was
used in a 14 μl reaction volume containing ReadyMix™ REDTaq®PCR
reaction mix (Sigma-Aldrich, St Louis, MO) along with 10 μM each of
forward and reverse primers for wild-type allele. A similar reaction mixture
was prepared with forward and reverse primers for the rd8 mutant allele.

Reactions initially were denatured at 94 °C for 5 min followed by 35 cycles
at 94 °C for 30 s, 65 °C for 30 s, 72 °C for 30 s and a final extension at 72 °C
for 7 min. Amplicons were separated on a 3% agarose gel and visualized
under UV light after staining with ethidium bromide. Mice were weighed
and blood samples were collected at the time of euthanasia. Enucleated
eyes were collected, preserved for light and electron microscopy as
previously described35.

In vivo imaging
Fundus images were obtained using a Micron IV (Phoenix Research
Laboratories Inc, Pleasanton, CA) retinal imaging microscope from
anesthetized apoB100 mice (8–12-month old: n= 13; 17–21-month old:
n= 4; 24–28-month old: n= 2). The OCT module of the Micron IV was used
to image retinal layers guided from the bright field.

Electroretinography (ERG)
ERGs were recorded using the Espion E2 system (Diagnosys LLC) as
described previously33. Briefly, 8–12-month-old (n= 5) and 17–21-month-
old (n= 5) apoB100 mice were dark-adapted for 4 h and anesthetized by
an intra-peritoneal injection of a ketamine/xylazine mixture (85/10mg/kg).
Pupils were dilated with 1% cyclopentolate-HCl and 2.5% phenylephrine,
and the mouse body temperature was maintained at 37 °C using a water-
based warming pad. ERG responses under dark-adapted (scotopic)
conditions were evoked by a series of nine flashes ranging from 0.0001
cd·s/m2 to 100 cd·s/m2. For flashes up to 0.1 cd·s/m2, responses of 10 trials
were averaged. For 0.5 and 1 cd·s/m2

flash responses, three trials were
averaged. For brighter stimuli, responses to single flashes were recorded
without averaging. Light-adapted (photopic) ERGs were evoked by a series
of six flashes ranging from 0.2 cd·s/m2 to 2000 cd·s/m2 where rod inputs
were suppressed with a steady background illumination of 50 cd/m2. Up to
10 trials were averaged for all flash responses. Analysis of a- and b-wave
amplitudes was performed as previously described33. For c-waves, flash
responses (5 cd·s/m2 to 100 cd·s/m2) were recorded for 7 s (8–12-month
old, n= 12; 17–21-month old, n= 5).

Optokinetic response
Visual acuity was measured using an Optometry System (CerebralMecha-
nics Inc., Lethbridge, Alberta, Canada), as previously described36. After
disinfecting the platform to remove a prior mouse’s scent, mice were
placed on the platform for 5 min to habituate. An observer assessed for
reflexive head-tracking movements that correlated with the frequency of
the virtual sine wave grating on the monitors using 100% contrast in
normal lighting conditions. The visual acuity threshold was determined at
the highest spatial frequency (cycle/degree) when the animal stopped
tracking. Right and left eyes were tested separately and averaged together
to get one spatial frequency per animal. Analyses was performed in young
(3-month old, n= 4–5 mice per genotype) and old (17-month old) mice
(n= 5 mice per genotype).

Transmission electron microscopy (TEM)
For visualization of ocular morphology with electron microscopy, eyes
were fixed in 2% gluteraldehyde, post fixed in 1% osmium tetroxide, and
embedded in Spurrs resin33,35. Morphology of the retina/RPE/choroid was
examined in 1 μm toluidine blue stained plastic sections. An image of the
whole retinal cross-section was created by stitching overlapping images in
Adobe Photoshop CS4. Ultrastructural details of the retina/RPE/choroid
complex were visualized in thin sections (15–20 images per eye, 8–12-
month old, n= 4 eyes; 17–21-month old, n= 3 eyes). BrM thickness was
measured at ten random locations along the length of the section and
averaged to calculate mean BrM thickness (8–12-month old, n= 4 eyes;
17–21-month old, n= 3 eyes). Percentage of BrM length exhibiting sub-
RPE deposits was quantified. Briefly, the length of BrM exhibiting sub-RPE
deposits was measured randomly in ten images (every 4th image along
the length of section) per eye (n= 3 eyes per group) and divided by the
total length of BrM in that image. The results from each eye were averaged
and plotted as percentage of BrM length with sub-RPE deposits.

Immunohistochemistry and morphology
For immunohistochemistry, cryosections from the nasal, central, and
peripheral regions of the eye were probed with antibodies listed in
Supplementary Table 1. Non-specific immunostaining in sections was
blocked with normal serum (Jackson Immunoresearch, West Grove, PA,
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USA) appropriate to the secondary antibody species. Secondary antibodies
were conjugated to AlexaFluor 568 or 488 (Invitrogen). Control slides
containing sequential sections were probed with non-immune serum and
buffer without primary antibody. Nuclei were stained with Hoechst 33258
(Invitrogen). Images were collected on a C2si confocal microscope (Nikon
Corporation, Tokyo, Japan) and visualized using Adobe Photoshop CS4.
Fluorescent intensity from anti-apolipoprotein E probed sections was
quantified using ImageJ software. Briefly, the RGB images were converted
to gray scale and regions of apolipoprotein E immunoreactivity were
selected along the length of the BrM, followed by measuring mean
intensity. RPE/choroid flatmounts were prepared from enucleated eyes as
described37, and stained with phalloidin–tetramethylrhodamine B iso-
thiocyanate35 and probed with an antibody to F4/80 to visualize RPE cell
borders and immune cells, respectively. Nuclei were stained with Hoechst
3325835 (Invitrogen). Images were collected on a Nikon C2si confocal
microscope, visualized and processed using Nikon Elements software to
display maximum intensity projection. Images from each quadrant of the
stained RPE-choroid flatmounts were stitched using Adobe Photoshop CC
to obtain an image of the complete RPE-choroid flatmount and F4/80+

cells were counted per flatmount (8–12-month old, n= 5; 17–21-month
old, n= 5; 24–28-month old, n= 2).

Cytokine analysis
Plasma was collected, and the RPE/choroid complex was isolated from
posterior eyecups of apoB100 mice (8–12-month old, n= 4; 17–21-month
old, n= 4) and homogenized in RIPA buffer, as previously described35,38.
Protein was quantified using the BCA assay, used to normalize protein
amounts loaded onto each Mouse Cytokine Array C3 membrane
(RayBiotech, Norcross, GA). Each group had two technical and four
biological replicates. The manufacturer’s protocol was followed for
processing the membranes. Images of the membranes were inverted to
neutralize the effect of any differences in background, and dot intensity

was quantified using ImageJ. Since each antibody on the membrane was
blotted in duplicate, the mean intensity of the dots was calculated,
averaged across the biological replicates and normalized to the positive
control on the blot.

Statistical methods and rigor
Statistical methods for data analysis included two-tailed Student’s t test
and multiple t tests with Holm-Sidak correction for multiple comparisons
(as recommended by GraphPad Prism) using GraphPad Prism. Values were
considered statistically significant at p < 0.05 and are indicated in the
figures.

RESULTS
Ocular pathologies of apoB100 mice worsen with age
To characterize the effect of background strain on retinal
morphology, eyes of 8–12-month-old C57BL/6J (Fig. S2a, b), B6.129
(Fig. S2c, d), and apoB100 (Fig. S3a–h) mice were imaged by a
Micron IV retinal microscope and fundus and OCT images were
acquired. While no clear phenotypic differences were observed
between C57BL/6J and B6.129 mice, at 8–12 months of age, several
pathologic features were observed in apoB100 mice as detailed
below. The effect of age on retinal morphology in apoB100 mice
was imaged in eyes of 8–12-month (Fig. 1A, B), 17–21-month
(Fig. 1C, D), and 24–28-month-old mice (Fig. 1E, F). A spectrum of
lesions was seen on OCT images that included inner retinal hyper-
reflective spots, sub-retinal edema, and localized deposits (Figs. 1,
S3, S4). The number and size of the lesions varied between eyes and
the phenotype worsened with age (Supplementary Table 2 and
Figs. S3, S4). Briefly, hyper-reflective spots in the inner retina were

Fig. 1 In vivo imaging of apoB100 mouse eyes. A Micron IV retinal imaging microscope was used to acquire fundus and OCT images.
Representative images of apoB100 (A, B) 9-month-old, male, left eye (oculus sinister OS), C, D 21-month-old, female, OS, and E, F 28-month-old,
female, OS. OCT slice corresponds to the green arrow in the fundus images (INL Inner nuclear layer, IPL Inner plexiform layer, ONL Outer
nuclear layer, OPL Outer plexiform layer, OS Photoreceptor outer segments).
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observed in 60.9% eyes from mice aged 8–12 month, 77.8% aged
17–21-month, and 100% aged 24–28month. Sub-retinal edemawas
observed in 26.1% eyes from mice aged 8–12 month, whereas
localized deposits were observed in 52.2% eyes from mice aged
8–12month, 33.3% aged 17–21-month and 50% aged 24–28month
(Supplementary Table 2). Noteworthy, we did not observe retinal
folds or pseudorosettes in OCT cross-sections, typically associated
with the retinal degeneration 8 (RD8) mutation39. These results
demonstrate that mice expressing predominantly apoB100 develop
ocular pathological lesions, similar to those observed in several
retinal degenerative diseases and that their phenotype worsens
with age.

Retinal function of apoB100 mice declines with age
To further characterize the ocular function, electroretinography was
performed in 8–12-month-old B6.129 and apoB100 mice (Fig. S5).
ApoB100 mice exhibited a significant decline in retinal function,
specifically in their photopic and scotopic b-wave amplitudes
(Fig. S5b, e), as compared to age-matched B6.129 mice, suggesting
potential impairment of post-synaptic neurons. Additionally, a
significant decline in c-wave amplitudes (Fig. S5g, h), which reflects
RPE function was seen. Measurement of the optokinetic response
(OKR) of B6.129 and apoB100mice at 3-month and 17-month of age
also revealed a significant genotype-dependent decline in apoB100
mice (Fig. S6). Importantly, a significant age-dependent reduction in
OKR was also observed in apoB100 mice (Fig. S6). Since, OKR is
driven by ON direction-selective retinal ganglion cells, the data
suggests a potential impairment at the level of retinal ganglion cells
in apoB100 mice40–42. To further characterize the aging effect in
apoB100 mice, we performed electroretinography in 8–12-month

and 17–21-month-old mice (n= 5). Dark-adapted 17–21-month-old
mice under scotopic and rod-saturated photopic conditions had
smaller averaged b-wave amplitudes compared with 8–12-month-
old apoB100 mice, under both light conditions (Fig. 2B, E).
Specifically, 17–21-month-old apoB100 mice had an ~40% drop in
scotopic b-wave (Fig. 2E), 30% decline in photopic b-wave (Fig. 2B),
and 40% reduction of a-wave amplitudes in scotopic conditions
(Fig. 2D), when the average wave amplitudes were plotted as a
function of flash intensity. Since the a-wave amplitude reflects
photoreceptor activity and b-wave is a measure of the activity of
post-synaptic neurons, we may extrapolate that apoB100 mice
display functional impairment with aging mainly attributable to ON-
bipolar cells, and rod photoreceptors. To assess the relative function
of the inner retina as compared to the outer retina, we calculated
the b-wave/a-wave ratio at each flash intensity and found no
significant difference between 8–12-month and 17–21-month-old
apoB100 mice (Fig. 2C, F), suggesting potentially impaired photo-
receptors and inner retina. Likewise, the middle and old age groups
had similar inner and outer nuclear layers (Figs. S7, S8) and the
distribution of the photoreceptor proteins, rhodopsin and R/G opsin
had similar immunolocalization patterns and number of nuclei in
the outer nuclear layer (Fig. S9a, b). Finally, when retinal
cryosections were probed with antibodies to bipolar cell (Protein
kinase C-alpha/PKCα), Mϋller cell and RPE (Cellular retinaldehyde-
binding protein/CRALBP) proteins, we did not observe any
remarkable differences between the two cohorts (Fig. S9c, d).
Interestingly, c-wave amplitudes, a measure of RPE response, were
significantly reduced in 17–21-month-old mice as compared to
8–12-month-old mice (Fig. 2G, H), suggesting an age-related decline
in RPE function and potential cell damage. These results indicate

Fig. 2 Retinal function of apoB100 mice with age. Averaged ERG responses in 8–10-month-old (black) and 17–21-month-old (red) dark-
adapted apoB100 mice (red) (n= 5 per group). Plots of A photopic a-wave amplitudes, B photopic b-wave amplitudes, C photopic b-wave/a-
wave ratio, D scotopic a-wave amplitudes, and E scotopic b-wave amplitudes and F scotopic b-wave/a-wave ratio are shown as a function of
flash intensity (for some points, the error bars are shorter than the height of the symbol). Data points are mean and SEM. *p < 0.01.
G Representative ERG traces from 8–10-month-old (black) and 17–21-month-old (red) dark-adapted apoB100 mice. H Averaged c-wave
amplitudes in 8–10-month-old (n= 11) and 17–21-month-old (n= 5) apoB100 mice at a flash intensity of 0.2 cd.s/m2. Data points are mean ±
SEM (8–12 month, n= 11, 17–21 month, n= 5, *p < 0.05).
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that the abnormal pathological features observed via fundus
imaging correlate with retinal function impairment in the apoB100
mice, which worsens with age.

Aged apoB100 mice accumulate apoE-rich deposits in Bruch’s
membrane
Lipid accumulation in Bruch’s membrane extracellular to the RPE is a
contributing factor to drusen formation24,43. A defining feature of
sub-RPE deposits in AMD is the accumulation of apoE, which
regulates the transport of cholesterol and oxidized lipoproteins23,44.
An increase in apoE immunoreactivity in RPE cells (Fig. S10b), as well
as along the length of BrM in 8–12-month-old apoB100 mice
(Fig. S10c, d) as compared to age-matched B6.129 mice was
observed. We also found a significant increase in apoE immunopo-
sitive staining along the length of BrM in 17–21-month-old mice
(Fig. 3C–E) as compared to 8–12-month-old mice (Fig. 3A, B, E),
supporting potential accumulation of apoE containing lipoproteins
along BrM as a function of age and pathology21,22.

ApoB100 mice develop an AMD-like ultrastructural pathology
that worsen with age
High magnification evaluation of the outer retina of apoB100 mice
using TEM allowed us to visualize the ultrastructure of the RPE-
choroid. Whereas, 8–12-month-old mice exhibited areas of normal
RPE-choroid morphology showing organized basal infoldings and
apical processes of the RPE interspersed between regions with

disrupted basal infoldings and sub-RPE basal deposits (Fig. 4A, B),
the 17–21-month-old mice displayed relatively smaller regions of
normal RPE pathology and a higher degree and prevalence of loss
of or disrupted basal infoldings, thin diffuse sub-RPE deposits
containing electron-dense material, and BrM thickening (Fig. 4C,
D). 8–12-month-old apoB100mice mice also develop lipid droplets
within BrM (Fig. 4E–H). The older mice displayed a more severe
phenotype with lipid droplets in the RPE, greater disruption of the
basal infoldings, and thicker and more electron-dense sub-RPE
basal deposits than younger mice (Fig. 4I, J). Additionally, BrM
appeared as continuous regions of electron-dense material as
compared to the 8–12-month-old mice (Fig. 5K, l). BrM was thicker,
the percentage of BrM length exhibiting sub-RPE deposits, and
the prevalence of sub-RPE deposits was significantly increased
in the older cohort as compared to 8–12-month-old apoB100
mice (Fig. S11a, b). RPE apical processes and photoreceptor
outer segments displayed normal morphology in both the
cohorts. These characteristics strongly suggest an association
between apoB100 and accumulation of lipids and development of
RPE degenerative AMD-like features in the outer retina that
develop with age.

RPE cell damage is coupled with buildup of immune cells in
the sub-retinal space
We next examined RPE morphology by preparing RPE-choroid
flatmounts, followed by staining with phalloidin to delineate RPE

Fig. 3 ApoE accumulates below the RPE and within BrM of aged apoB100 mice. ApoE stained images of the outer retina of A, B 8–12-
month-old apoB100 mice, and C, D 17–21-month-old apoB100 mice, displaying ApoE positive sub-RPE deposits and Bruch’s membrane
thickening (Scale bar: 20 μm). E Quantification of ApoE staining intensity in 8–12-month and 17–21-month-old apoB100 mice (8–12 month,
n= 3, 17–21 month, n= 4, *p < 0.05).
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cell shape and probing with a macrophage antibody, F4/80, to
visualize the presence of immune cells. Sub-retinal F4/80-positive
were noted in the posterior pole and were increased 2-fold in the
number in the 17–21-month-old cohort (114.2 ± 14.27, n= 5) as
compared to 8–12-month old (59.6 ± 18.52, n= 5; Fig. 5A, B, D).
Despite the small cohort size for 24–28-month-old apoB100 mice
due to advanced age, this group showed trends towards a decline
in the number of sub-retinal immune cells (62.5 ± 8.5, n= 2; not
significant), as compared to the 17–21-month-old cohort (Fig. 5C,
D). The RPE cell morphology was atrophic and dedifferentiated in
the aged mice (Fig. 5E–G). The RPE of 8–12-month-old mice was
dysmorphic and enlarged, with sub-retinal immune cells (Fig. 5E),
whereas, 17–21-month-old mice had F4/80-positive cells incorpo-
rated into the RPE cell layer and appeared to replace some RPE
(Fig. 5F). The 24–28-month-old group had regions with extensive
damage in the RPE cell layer, characterized by areas of RPE loss
and infiltration of immune cells (Fig. 5G). Immunolocalization of
macrophages in retina-RPE-choroid cross-sections confirmed the
presence of immune cells in the sub-retinal space of 8–12-month-
old (Fig. 5H, I) and 17–21-month old (Fig. 5J, K), consistent with the
observations seen in the RPE-choroid flatmounts. Interestingly,
even in the cross-sections, one F4/80-positive cell can be seen
embedded in the same plain as the RPE cell layer (Fig. 5J, asterisk),
substantiating the observation seen in the RPE-choroid flat-
mounts. The F4/80-positive immune cells had different morphol-
ogies, ranging from resting (stellate) to activated (ameboid) cells
(Fig. S12). With activated cells, we next performed cytokine

analysis at the local (RPE-choroid) and systemic (blood plasma)
level. Out of a panel of 62 proteins, in blood plasma from 8–12-
month-old and 17–21-month-old apoB100mice, the levels of three
cytokines increased and one decreased (Fig. 6A, B). Specifically,
expression of CXC chemokine platelet factor-4 (CXCL-4), macro-
phage inflammatory protein-2 (MIP-2) and lipopolysaccharide-
induced CXC chemokine (LIX) increased significantly, while insulin-
like growth factor binding protein-3 (IGFBP-3) expression
decreased. On the other hand, RPE-choroid protein samples from
8–12 and 17–21-month-old mice had only two significantly
increased cytokines, Interleukin 1-alpha (IL-1α, also known as IL-
1F1) and macrophage inflammatory protein 1-gamma (MIP-1γ also
known as chemokine ligand 9, CCL9; Fig. 6C, D). Finally, we probed
retinal cryosections with Glial fibrillary acidic protein (GFAP) to
evaluate potential changes in reactive astrocytes. Though GFAP
immunoreactivity was evident in the 8–12-month and 17–21-
month-old cohorts, its distribution was variable and no significant
age-related increase in staining was noted (Fig. S13a, b).

DISCUSSION
Given the principal role aging plays in the development of ocular
neurodegenerative diseases such as AMD, it is important to
investigate the potential contribution of age to disease develop-
ment. Herein, we describe the ocular phenotype of apoB100 mice
as a function of age. Our imaging and retinal function studies
show that apoB100 mice develop lesions discernible via fundus

Fig. 4 Ultrastructural changes in apoB100 as a function of age. A, B Low magnification TEM images from 8–12-month-old apoB100 mice
display regions with thin diffuse sub-RPE deposits and disrupted basal infoldings. C, D 17–21-month-old mice exhibit continuous thin sub-RPE
deposits and a higher degree of disrupted/absent basal infoldings (Scale bar= 2 μm). E–H High magnification images of 8–12-month-old mice
exhibit lipid droplets (asterisks) in BrM. I–L 17–21-month-old mice display BrM thickening and sub-RPE deposits in addition to lipid droplets in
the RPE as well as BrM (asterisk; Scale bar= 2 μm).
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and OCT imaging, and a severe decline in the function of RPE cells
and secondary retinal neurons, the severity of which worsens with
advanced age. At the ultrastructural level, the RPE cell undergoes
age-dependent dysmorphic cell shape changes and phenotypic
changes including loss of basal infoldings and the accumulation of
intracellular lipid droplets. With the RPE morphologic changes,
BrM also thickens and accumulates lipid droplets. Additionally
sub-retinal immune cells accumulate in close contact with the RPE
layer, with aging. This phenotype becomes more severe with age
and is characterized by loss of RPE cell borders and macrophage
invasion into the RPE layer itself. These mice also display an
upregulation of inflammatory cytokines in the plasma and RPE-
choroid, reflecting a systemic and local pro-inflammatory pheno-
type in the 17–21-month-old mice compared to the 8–12-month-
old cohort. Since full length apoB containing lipoproteins have
been identified in human BrM, drusen, and sub-RPE deposits of
AMD patients, this mouse model provides a platform to
investigate the role of apoB100 in regulating a number of early

AMD-associated pathological changes, including a decline in
retinal function, genesis of sub-RPE deposit formation, RPE
dysmorphia, BrM changes, and local and systemic inflammation,
all in the context of the risk factor of advanced age.
Our findings extend those reported by Fujihara et al. which

described the morphological phenotype of apoB100 mice for the
first time32. Beyond morphology, herein we identified functional
and mechanistically relevant endpoints important for the use
of these mice in pre-clinical studies, including in vivo fundus
and OCT imaging, retinal function, and analyses of sub-retinal
and systemic inflammation at 8–12 months (middle age),
17–21 months (old age) and 24–28 months (old age). Our results
highlight the contribution of age to ocular pathology. With
regards to retinal function, we offer three possible theories to
explain the age-associated decline observed in apoB100 mice.
First, the altered morphology of RPE cells and decreased c-wave
amplitudes, which reflected RPE dysfunction, may be directly
affecting the function of the overlying neurons, critical given RPE’s

Fig. 5 Distribution of sub-retinal immune cells and RPE degenerative changes in apoB100 mice increases in severity with age. F4/80
immunoreactivity and Phallloidin stained images of RPE flatmounts from A 8–12-month-old (Scale bar: 100 μm), B 17–21-month old, and,
C 24–28-month-old mice showing the distribution of immune cells in the outer retina and RPE morphology (ON Optic nerve). D Quantification
of F4/80-positive cells in apoB100 mice (8–12-month old, n= 5, 17–21-month old, n= 5, and 24–28-month old n= 2, *p < 0.05). Magnified
images of RPE flatmounts E 8–12-month old (Scale bar: 20 μm), F 17–21-month old, and G 24–28-month-old apoB100 mice showing
RPE morphology and immune cell morphology. F4/80 stained images of retinal cross-sections from H, I 8–12-month old (Scale bar: 10 μm) and
J, K 17–21-month-old apoB100 mice displaying sub-retinal immune cells (asterisks). (OPL Outer plexiform layer, ONL Outer nuclear layer, OS
photoreceptor outer segments, RPE Retinal pigment epithelium).
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role as nurse cells to the neurosensory retina. Second, RPE cell
function loss in older mice may result from excessive lipid
deposition, seen in the form of apoE-rich sub-RPE deposits and
lipid droplets, contributing to an inflammatorymicroenvironment in
the outer retina, evident by the rise of immune cells in the vicinity of
RPE cell layer, sometimes, even with in the same cell layer. Finally,
lipids are readily found in the retina, specifically in the rod outer
segments and a dysregulation of lipid metabolism and/or clearance
may be implicated in the loss of visual function as observed in the
apoB100mice. On a systemic level, hyperlipidemia has been shown
to be associated with lipaemia retinalis and reduced ERG, which was
resolved when hyperlipidemia was corrected45. Hyperlipidemia may
also increase blood viscosity, cause atherosclerotic changes in
retinal vessels, leading to retinal ischemia, and long term
hyperlipidemia may trigger retinal morphologic changes and drop
in ERG amplitudes as seen in apoE-deficient mice46,47. ApoB100mice
have been reported to present with higher levels of cholesterol in
their LDL fraction, and triacylglycerol in their VLDL and LDL
fractions, compared to wild-type littermates at 12–15 months of
age31. We postulate that aging in these transgenic mice is
associated with progressive accumulation of lipids in the systemic
circulation making the eyes of 17–21-month-old-mice more
susceptible to the detrimental effects of hyperlipidemia as
compared to middle age 8–12-month-old mice.
Fujihara et al. reported that apoB100 is produced by RPE cells in

these mice, a disease relevant observation as the presence of
apoB100 containing lipoproteins, not apoB48, has been demon-
strated in human BrM, drusen and sub-RPE deposits18,32. Similarly,
in our present study, ultrastructural and histological examination
of the retina/RPE/choroid complex in apoB100 mice was used to
identify lipid droplets in the RPE and BrM, sub-RPE deposits and

apoE immunoreactive regions throughout BrM, a phenotype that
notably worsened with age. We believe that this lipid accumula-
tion may in part be due to progressive RPE cell dysfunction with
age, leading to a decline in clearance of lipids to the
choriocapillaris. With age-related BrM thickening, lipid transport
is impeded and results in lipid accumulation. After synthesis by
the liver, apoB100 circulates throughout the body as a component
of VLDL and LDL. Similarly, the RPE cells are capable of
synthesizing and secreting unique lipoprotein particles on the
internal side of Bruch’s membrane22,27,48. The accumulation of
apoE in the apoB100 mice as a function of age, support local
production of VLDL-like deposition. However, systemically derived
lipoproteins may also contribute to the pathology seen in the
mouse model. Mechanistically, apoB100 can bind to the LDL
receptor (LDLR), leading to the internalization of cholesteryl esters
from LDL into peripheral cells. The molecular players in this
pathway involve LDLR and the scavenger receptor CD36, which
bind to apoB protein and oxidized phospholipids, respectively, in
the LDL particle49–51. Alternatively, the presence of CD36
expressing-macrophage cells in close proximity to RPE cells might
also be an aggravating factor in RPE dysfunction. CD36, which
binds oxidized lipids, is co-expressed with the Toll-Like Receptor
(TLR) 2/6 heterodimer assembly, and can sustain the TLR2/6
inflammatory signaling caused by diacylglycerols and steer TLR3-
dependent macrophage driven inflammation52–55. Future studies
examining retinal function and ocular morphology of conditional
knockout of apoB in the liver versus RPE of mice would be highly
informative in delineating the contributions of local versus
systemic apoB.
Inflammation is a critical mediator of AMD progression56. In our

apoB100 mice, local and systemic inflammation appear to play a

Fig. 6 Aged apoB100 mice exhibit a significant upregulation of pro-inflammatory cytokines in the systemic circulation. Protein isolated
from plasma and RPE-choroid tissue of 8–12-month and 17–21-month-old mice were blotted on a Mouse Cytokine Array C3 (62 proteins).
Representative images of significantly regulated cytokines are shown. A, B Plasma and (C, D) RPE-choroid. Quantification of staining intensity
of significantly regulated cytokines. (n= 4 per group, Mean+ SEM, *p < 0.05, Multiple t tests).
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role, as indicated by assessments of the circulating cytokine
profiles and visualization of F4/80-positive macrophages concen-
trated in the sub-retinal space, which worsened with age.
Noteworthy, the concentration of immune cells in the older
apoB100 cohort occurred in regions of RPE degeneration and
atrophy. Another striking feature observed in the 17–21-month
and 24–28-month-old mice was the incorporation of macrophages
specifically within the RPE layer. The presence of macrophages in
the outer retina has been observed in multiple models of AMD
and human tissue samples35,57–61, and may be a consequence of
native and oxidized lipid accumulation in the outer retina sending
pro-inflammatory signals, leading to recruitment of immune cells
in the sub-retinal zone and the RPE layer. This scenario can
potentially create a vicious cycle that aggravates inflammation,
contributing to RPE degenerative changes and dysfunction, as
suggested by the older apoB100 mouse cohorts with RPE atrophy
and a decline in c-wave amplitudes. ApoB100 mice also displayed
upregulated systemic levels of pro-inflammatory cytokines,
including CXCL-4, MIP-2 and LIX, each with reported pro-
inflammatory roles potentially contributing to the ocular pathol-
ogy observed in our mouse model62–65. For example, CXCL-4 has
been shown to antagonize retinal neovascularization in a mouse
model of oxygen-induced retinopathy (OIR)66, is upregulated in
RPE cells in response to inflammatory insults, and treatment of
RPE cells with the CXCL-4 ligand, stromal cell derived factor-1α
(SDF-1α), stimulates an increase in migration and secretion of pro-
inflammatory cytokines including monocyte chemoattractant
protein-1 (MCP-1), IL-8, and growth-related oncogene α67. At the
local level the combination of age and apoB100 expression
affected the levels of two cytokines, IL-1α, (also known as IL-1F1)
and MIP-1γ (also known as chemokine ligand 9, CCL9). Function-
ally, IL-1α is a cytokine produced by monocytes and macrophages
as a pro-molecule, which undergoes proteolytic processing and
released in response to cell injury, as an inflammatory response68.
CCL9, a chemokine involved in the regulation of osteoclast
function, has been shown to be upregulated in the RPE-choroid of
aged liver-X-receptor alpha knockout mice, which show a similar
abundance of immune cells in the sub-retinal space35,68.
The naturally occurring mutation called retinal degeneration 8

(rd8), which carries a homozygous single base deletion in the
crumbs homolog 1 (Crb1) gene, leading to formation of a
truncated Crb1 protein due to a frameshift, has been reported
to be a potential confounding factor in the characterization of
various mouse models of retinal degenerations39. This mutation
causes early onset retinal degeneration (as early as 3 months of
age), retinal folds, pseudorosettes and ocular spots34, which
develop due to abnormalities in the adherens junctions between
the photoreceptors and Mϋller glia cells, concentrated in the
nasal quadrant. Phenotypic variations are commonly observed
between and within mouse strains homozygous for the rd8
mutation, as seen in patients carrying the CRB1 mutation39.
Genotyping of our apoB100 mouse colony revealed the presence
of the rd8 mutation. However, in contrast to the reported
phenotypic features observed in the original rd8 strain, our colony
of apoB100 mice failed to exhibit abnormal ocular morphology
associated specifically with the rd8 mutation, up to 21 months of
age, the longest time point characterized in our study, using OCT
images and toluidine blue staining of the retina/RPE/choroid.
Pseudorosettes and retinal folds were absent in our cohort of
apoB100 mice even at 21 months of age. In contrast, the damage
to the ocular pathology in the apoB100 mice was mainly observed
in the outer retina, especially at the level of RPE and did not affect
the integrity of the inner retinal layers in the age groups that
were analyzed. This is consistent with the observations reported
in Sahu et al. which also showed that the rd8 mutation in their
study did not interfere with the phenotypic characteristics of the
late-onset retinal degeneration model, generated by knocking in
a heterozygous mutation in complement-1q tumor necrosis

factor-related protein 5 (Ctrp5) gene69,70. Ultimately, that the
observed pathology in the apoB100 mice is less severe than that
of mice expressing rd8 (Crb1) only, raises several interesting
questions regarding the interplay between apoB100 and rd8,
relative impact of rd8 versus apoB100 within the eye, and the
overall vulnerability of the posterior pole, at the level of the RPE/
choroid, to rd8 versus apo100/rd8, all of which would need to be
investigated in detail. It is important to note, that though
elevated levels of apoB100 are often referred to as the ‘bad
cholesterol’, its primary function is still not fully understood and it
is an organizing protein component of a number of other
lipoproteins beyond LDL, including VLDL, Lp(a), IDL, as well as
chylomicrons. In fact, recently apoB100 was found to be elevated
in the aqueous of patients who required less frequent anti-VEGF
injections for treatment of neovascular AMD, and choroidal
neovascularization induced by laser was shown to be mitigated in
apoB100 mice relative to B6.129 control mice supporting potential
protection against neovascular AMD71.
In conclusion, we report measurable morphological and

functional endpoints in a mouse model, which displays several
salient features observed in AMD, exacerbated by age. Previously,
young–middle age apoB100 mice were used to test the impact of
targeting the liver-X-receptor pathway on inflammation, extra-
cellular lipid accumulation, and overall RPE health35, supporting
their use as a potential pre-clinical model. Given, the utility of
mouse models is dependent on well defined endpoints, this
model may be used as a platform for testing other etiologic
factors such as cigarette smoking or high fat diet, that when
combined with aging, can induce later stage phenotypic features.
Likewise, this model will be valuable for testing potential therapies
aimed at improving retinal function, sub-RPE deposit genesis, BrM
thickening, RPE atrophy, and sub-retinal inflammation and in
which advanced age plays a role.
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