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the blood, APOE is mainly associated with VLDLs, IDLs, 
and chylomicron remnants (2). In the brain and retina, 
however, the APOE-containing LPPs are different and have 
densities similar to those of HDLs (3, 4). APOE mediates 
lipid transfer by being a recognition ligand for specific cell-
surface receptors, which bind and internalize the APOE-
containing LPPs (5) after these particles acquire cholesterol 
from cells with cholesterol excess. The APOE receptors 
belong to the LDL receptor (LDLR) family and include 
LDLR, VLDLR, LDLR-related protein 1 (LRP1), LRP1B, 
LRP2 (megalin), LRP4 (MEGF7), LRP5, LRP6, LRP8 
(APOER2), and LRP11 (SORL1) (6)

In humans, APOE exists in three isoforms (2, 3, and 
4), which differ in their lipid-binding capacity, ability to 
integrate into LPP, and affinity for the receptors (7). APOE 
4 is a risk factor for Alzheimer’s disease, whereas APOE 2 
is protective (8–10). Conversely, APOE 4 and 2 decrease 
and increase risks, respectively, for age-related macular 
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particles (LPPs) that bind and deliver lipids from one tis-
sue or cell type to another (supplemental Text 1) (1). In 
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degeneration (AMD), a disease that affects the retina and 
causes irreversible vision loss in the elderly of industrialized 
countries (11–14). Humans can lack APOE and develop 
severe type III hyperlipoproteinemia, a lipid disorder disease 
characterized by an exceptionally high serum cholesterol 
and triglyceride content (15). The clinical manifestations 
of this disorder have been described (15), yet only recently, 
an APOE-deficient individual was evaluated for cognitive, 
neurological, and retinal functions (16). Remarkably, no 
defects were found in these functions, thus suggesting that 
either APOE is not essential for the brain and retina or that 
the mechanisms exist to compensate for a lack of APOE (16).

The mammalian retina is a thin layer of photosensitive 
tissue in the back of the eye. The retina comprises the neu-
ral retina (several layers of neurons interconnected by syn-
apses and glial cells) and retinal pigment epithelium (RPE; 
a polarized monolayer of cells, whose apical side faces the 
neural retina). The RPE forms a part of the blood-retina 
barrier, which is permeable to LDL and HDL from the sys-
temic circulation (17, 18). In addition, the RPE basal lamina 
is a part of Bruch’s membrane (BM), a unique penta-lay-
ered structure located between the RPE and choroid, the 
vascular layer of the eye, which contains connective tissues. 
Normally, APOE appears to be primarily expressed in reti-
nal ganglion and Müller cells, as well as in the RPE (19, 
20). In addition, in aging eyes, APOE is found in drusen 
(heterogeneous debris external to the RPE, a hallmark of 
AMD) and basal laminar deposits (a stereotypically thick-
ened RPE basal lamina) (11, 21–23).

Mice have only one APOE protein, a form similar struc-
turally to APOE 4 but functionally to APOE 3 (24), and 
are hypercholesterolemic when they lack APOE, even 
when fed a standard rodent chow (25). The retina of 
Apoe/ mice is grossly normal and shows an unaltered am-
plitude of electroretinography (ERG) responses, an indica-
tor of retinal function; the ERG function becomes impaired 
only when animals are aged and put on a high-cholesterol 
diet (26–28). Transgenic mice expressing human APOE 
isoforms have a more pronounced retinal phenotype (29, 30) 
with the observed abnormalities being isoform-specific and 
including some of the AMD-like changes (e.g., drusenoid 
deposits and choroidal neovascularization along with RPE 
atrophy, hypopigmentation, and hyperpigmetation) (30). 
Similarly, there is the isoform-specific effect on pathogenic 
subretinal inflammation in Cx3cr1/ mice with transgenic 
APOE 2 provoking and APOE 4 inhibiting this inflam-
mation (31, 32).

The present study was initiated by an apparent discrep-
ancy between APOE involvement in AMD [as suggested by 
genetic studies (11–13) and identification in drusen (21–
23)], yet generally normal retinal structure and function of 
the individual with a total APOE absence (16), in agree-
ment with only a minor retinal phenotype of Apoe/ mice 
(26, 28). We hypothesized that this discrepancy is due to 
compensatory changes in the Apoe/ retina elicited by a 
lack of APOE and conducted retinal characterizations of 
Apoe/ mice. We used approaches that have not been used 
in previous studies of this genotype and identified the com-
pensatory mechanisms in the Apoe/ retina. In addition, 

we identified proteins involved in retinal lipid transport 
and obtained insights into noncanonical APOE functions.

MATERIALS AND METHODS

Animals
C57BL/6J mice and Apoe/ mice on the C57BL/6J back-

ground were from the Jackson Laboratory (catalog nos. 000664 
and 002052, respectively) and were free of the Crblrd8 mutation. 
Mice were 6 months old, kept on a 12 h light–dark cycle, and pro-
vided food and water ad libitum. The food was either a regular 
rodent chow (5P76 Prolab Isopro RMH 3000, T.R. Last Co, con-
taining no appreciable amounts of cholesterol) or a Western-type 
diet [WTD; catalog no. TD.120425, Teklad, containing 21% 
(weight %) milkfat and 0.2% (weight %) cholesterol]. Mice were 
maintained on WTD from 1 to 6 months of age. All animal experi-
ments were approved by Case Western Reserve University’s IACUC 
and conformed to recommendations of the American Veterinary 
Association Panel on Euthanasia.

Retinal imaging
Ultra-high-resolution spectral-domain optical coherence tomog-

raphy (SD-OCT), fluorescein angiography (FA), and transmission 
electron microscopy (TEM) were performed as described (33, 34) 
and utilized a 840HHP SD-OCT system (Bioptigen), a scanning laser 
ophthalmoscope (Spectralis HRA+OCT, Heidelberg Engineering), 
and a 1200EX transmission electron microscope (JEOL Ltd.), re-
spectively. Tissue fixation for TEM was performed as described (35) 
and included sequential incubations in 0.1 M Na cacodylate buf-
fer, pH 7.4, containing first 3% glutaraldehyde and then 1% OsO4, 
followed by incubations with 1% tannic acid in 0.05 M Na caco-
dylate, pH 7.4, and 1% para-phenylenediamine in 70% ethanol.

Retinal isolation and sterol quantifications
Retinal isolation and processing were performed as described 

(36), as were subsequent sterol quantifications by isotope dilution 
GC/MS (37). Both unesterified and total sterols (a sum of un-
esterified and esterified forms) were measured using deuterated 
sterol analogs as internal standards.

Stains for unesterified cholesterol and iron
Unesterified cholesterol (UC) was visualized as described (38) 

using filipin (Cayman Chemical). Iron was detected using the 
Perls’ Prussian blue stain enhanced with the very intense purple 
reagent (VIP, Vector Laboratories) (39, 40). Briefly, paraffin 
sections were incubated at room temperature for 30 min in 5% 
potassium ferrocyanide and 5% hydrochloric acid followed by a 
30 min incubation at room temperature with the very intense pur-
ple reagent.

Quantitative RT-PCR
Total RNA (1 g) was isolated using the TRIzol Reagent (Life 

Technologies) and was then converted to cDNA by SuperScript 
III reverse transcriptase (Invitrogen) according to manufacturer’s 
instructions. PCRs were performed in triplicate using cDNA, a 
pair of gene-specific primers (supplemental Table S1), and a Fast-
Start Universal SYBR Green Master (Rox) (Roche Life Science) as 
specified by the manufacturer. Gene expression was normalized 
to -actin. Changes in relative mRNA level were calculated by the 
2Ct method (41).

Immunohistochemistry
Stains for glial fibrillary acidic protein (GFAP) and ionized 

calcium binding adaptor molecule (Iba1) were performed as 



2370 Journal of Lipid Research Volume 59, 2018

described (33, 36) with the dilution and source of Abs being as 
follows: 1:1,000 for chicken anti-GFAP (catalog no. PA1-10004, 
Thermo Fisher Scientific), 1:1,000 for rabbit anti-Iba1 (catalog 
no. 019-1974, Wako), 1:200 for donkey anti-chicken Alexa Fluor 
488 (catalog no. 703-545-155, Jackson Immune Res Inc.), and 
1:200 for goat anti-rabbit Alexa Fluor 647 (catalog no. 111-605-
144, Jackson Immune Res Inc.). Stain for H-ferritin (FTH1) was 
also performed as described (42) and used the following dilutions 
and sources of Abs: 1:500 for rabbit anti-mouse FTH1 (Z17; gift of 
Paolo Arosio, University of Brescia, Italy) and 1:200 for donkey 
anti-rabbit Cy3 (catalog no. 711-165-152, Jackson Immune Res Inc.).

Label-free analysis
Mouse retinas (three biological replicates per genotype, each 

containing two retinas, one retina from one mouse) were frozen, 
cryo-pulverized, and lysed with 3% SDS as described (43). Sam-
ples were then cleaned of detergent using a 10 kDa molecular 
mass cutoff filter according to a filter-aided sample preparation 
protocol (Millipore) (44). The buffer was exchanged with 8 M 
urea in 50 mM Tris-HCl buffer, pH 8.0, to a final volume of 50 µl, 
and proteins were reduced on a filter with 10 mM dithiothreitol 
for 1 h at 37°C, followed by alkylation with 25 mM iodoaceta-
minde for 30 min in the dark. The 8 M urea was then diluted to  
4 M with 50 mM Tris-HCl buffer, pH 8.0, and samples were con-
centrated to a final volume of 50 l. Protein concentration was 
measured using a Bradford assay according to the manufacturer’s 
instructions (Bio-Rad). Next, 20 g of total protein was digested 
with Lysyl Endopeptidase (Wako Chemicals) for 2 h at 37°C at an 
enzyme:substrate ratio of 1:20. The urea concentration was next 
adjusted to 2 M with 50 mM Tris-HCl buffer, pH 8, followed by an 
overnight trypsin digestion at 37°C using sequencing-grade tryp-
sin (Promega) at an enzyme:substrate ratio of 1:20. Tryptic pep-
tides were stored at 80°C until further analysis by LC/MS/MS.

LC/MS/MS was carried out using 400 ng of each sample in-
jected into a LTQ-Orbitrap Velos mass spectrometer (Thermo 
Scientific) equipped with a nanoAcquityTM ultra-high-pressure 
liquid chromatography system (Waters). Blank injections were 
run after each sample to minimize carryover between samples. 
Mobile phases were aqueous phase A (0.1% formic acid in water) 
and organic phase B (0.1% formic acid in acetonitrile). Peptides 
were loaded onto a nanoACQUITY UPLC® 2G-V/M C18 desalt-
ing trap column (180 m × 20 mm nano column, 5 m, 100 Å) at 
a flow rate of 0.3 µl/min. Subsequently, peptides were resolved in 
a nanoACQUITY UPLC® BEH300 C18 reversed-phase column 
(75 m × 250 mm nano column, 1.7 m, 100 Å (Waters), followed 
by a gradient elution of 1–90% of phase B over 240 min (isocratic 
at 1% B, 0–1 min; 2–42% B, 2–212 min; 42–90% B, 212–223 min; 
and 90–1% B, 223–240 min). A nano electrospray ion source was 
utilized to ionize peptides at a flow rate of 300 nl/min, 1.5 kV 
spray voltage, and 270°C capillary temperature. Full-scan MS spec-
tra (m/z 380–1,800) were acquired at a resolution of 60,000 at m/z 
400 followed by 20 data-dependent MS/MS scans. MS/MS spectra 
were generated in the ion-trap detector by collision-induced dis-
sociation of the peptide ions (normalized collision energy = 35%; 
activation Q = 0.250; activation time = 20 ms) to generate a series 
of b and y ions as major fragments. The dynamic exclusion list was 
confined to a maximum of 500 entries with exclusion duration of 
60 s and mass accuracy of 10 ppm for the precursor monoisotopic 
mass. LC/MS/MS raw data were acquired using the Xcalibur soft-
ware (Thermo Fisher Scientific, version 2.2 SP1). To facilitate the 
peak volume-dependent label-free quantitative analysis and to en-
sure that the peak retention times (RTs) and the MS instrument 
performance were maintained within restricted tolerances, an 
equal amount of internal standard (Pierce Retention Time Cali-
bration Mixture 88321, Thermo Scientific) was spiked into each 
sample. The RT, peak intensity, and mass accuracy of five peptides 

from the spiked internal standard were monitored in all samples. 
These peptides showed less than a 5 min RT drift, less than 4 ppm 
mass drift, and consistent peak widths and area under the curve as 
previously described (45). LC/MS/MS raw data were then ac-
quired using the Xcalibur software (Thermo Fisher Scientific, ver-
sion 2.2 SP1).

The LC/MS/MS raw files (one for each sample) were im-
ported into Rosetta Elucidator™ (Rosetta Bio-software, version 
3.3.0.1.SP.25) and processed as previously described (45). The 
peak list (.dta) files were searched by Mascot (version 2. 1, Ma-
trix Science) against the mouse Uniprot database (538,585 se-
quences). Mascot search settings were as follows: trypsin enzyme 
specificity; mass accuracy window for precursor ion, 10 ppm; mass 
accuracy window for fragment ions, 0.8 Da; carbamidomethyl-
ation of cysteines as fixed modifications; oxidation of methionine 
as variable modification; and one missed cleavage. Peptide identi-
fication criteria were a mass accuracy of 10 ppm, an expectation 
value of P < 0.05, and an estimated false discovery rate of less than 
2%. The search results were imported back into Elucidator, and 
automated differential quantification of peptides was then accom-
plished with Rosetta Elucidator as previously described (45). RT 
alignment, feature identification (RT × m/z surface), extraction of 
the peptide ion peak, background subtraction, and smoothing 
across both RT and m/z dimensions were performed using the 
PeakTellerTM algorithm. Normalization of signal intensities across 
samples was based on the average signal intensities in each sam-
ple. For each peptide, the average intensity for all replicates 
within a genotype was calculated, and the fold change between 
the genotypes was then determined using these average intensi-
ties. Statistical analysis of peptide intensity differences between 
the Apoe/ and WT retinas was by one-way ANOVA.

Quantification and statistical analyses
All images are representative of studies in three to five animals 

per genotype. The quantitative data represent the mean ± SD; the 
number of animals (n) is indicated in each figure or figure leg-
end. Data were analyzed either by a two-tailed, unpaired Student’s 
t-test or by one-way ANOVA. Statistical significance was defined as 
* P  0.05; ** P  0.01; and *** P  0.001.

RESULTS

In vivo characterizations of Apoe/ mice
The Apoe/ retina did not seem to be previously charac-

terized by high-resolution SD-OCT and FA; therefore, we 
used these imaging modalities to investigate retinal gross 
structure and the status of blood vessels. Apoe/ mice fed 
regular chow had normal retinal appearance on both  
SD-OCT and FA (Fig. 1A, B). Similarly, no major abnor-
malities were detected in the Apoe/ retina of mice fed a 
WTD (Fig. 1C, D). Thus, a lack of APOE does not seem to 
cause changes of clinical relevance in retinal structure and 
vasculature.

Serum and retinal sterol levels in Apoe/ mice
High levels of serum cholesterol are well documented in 

Apoe/ mice (25, 28); yet, their retinal cholesterol levels 
have never been measured. We found that in Apoe/ animals 
on regular chow, total retinal cholesterol was increased 
from 2.8-fold (female mice) to 2.9-fold (male mice) as com-
pared with the corresponding WT mice (Fig. 2A). However, 
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in the serum, cholesterol increases showed gender differ-
ences and were more pronounced in male mice (3.9-fold 
increase) than female mice (2.6-fold increase) (Fig. 2D). 
Notably, in WT or Apoe/ male mice on a WTD, a further 
increase in serum total cholesterol did not lead to an in-
crease in retinal total cholesterol (Fig. 2A, D).

The levels of other serum and retinal sterols were mea-
sured to gain insights into homeostatic responses in the 
retina elicited by a lack of APOE (Fig. 2B, C, E, F). Lathos-
terol (cholest-7-en-3-ol, Lipid Maps ID: LMST01010089) 
and desmosterol (cholest-5,24-dien-3-ol, Lipid Maps ID: 
LMST01010016) are cholesterol precursors, whereas 24S-
hydroxycholesterol (cholest-5-en-3,24S-diol, Lipid Maps ID: 
LMST01010019) and 5-cholestenoic acid (3-hydroxycholest- 
5-en-25R-26-oic acid, Lipid Maps ID: LMST04030072) are 
cholesterol metabolites generated by cytochrome P450 en-
zymes CYP46A1 and CYP27A1, respectively. In the serum, 
total lathosterol is an indicator of cholesterol biosynthesis 
in whole body (46), and total 24-hydroxycholesterol is a 
marker of cholesterol elimination from the brain (47). In 
the retina, lathosterol reflects cholesterol biosynthesis in 
neurons (48, 49), and desmosterol could be a marker of 
cholesterol biosynthesis in astrocytes (3). The 24-hydroxy-
cholesterol and 5-cholestenoic acid indicate retinal cho-
lesterol elimination by metabolism, which along with 
cholesterol removal by LPP is an important contributor to 
retinal cholesterol maintenance (4, 37, 50, 51). Neither to-
tal lathosterol nor desmosterol levels were changed in 
the serum of Apoe/ mice fed regular chow or a WTD (Fig. 
2E). Yet, both total lathosterol and desmosterol amounts 
were increased in the Apoe/ retina (Fig. 2B), whereas reti-
nal total 24-hydroxycholesterol levels were unchanged, and 
those of free 5-cholestenoic acid were decreased >4-fold 

(Fig. 2C). These changes suggested that there was choles-
terol deprivation in retinal cells in Apoe/ mice; hence, 
retinal cells increased their cholesterol biosynthesis and 
decreased cholesterol elimination by metabolism.

Retinal distribution of UC in Apoe/ mice
Only UC, which constitutes the majority of cholesterol in 

the retina (Fig. 2A), was studied using a fluorescent antibi-
otic filipin. The pattern of filipin staining was similar in  
WT and Apoe/ mice (Fig. 3A, B), except in the latter, the 
staining seemed to be more pronounced in the photore-
ceptor outer segments (OSs). No focal cholesterol deposits 
were noted in the Apoe/ retina, an indication that reti-
nal cholesterol excess in this genotype was present on the 
LPPs circulating in the intraretinal space. Furthermore, 
these circulating LPPs did not seem to be taken up by reti-
nal cells due to APOE absence; therefore, cholesterol bio-
synthesis in retinal cells was increased, and cholesterol 
catabolism was decreased (Fig. 2B, C).

Retinal proteomics of WT mice
The label-free analysis, a proteomics approach, was used. 

This approach quantifies relative peptide intensity and 
thus enables estimates of relative protein abundance. Pep-
tides from 18 cholesterol-related proteins were detected in 
the retina of C57BL/6J mice (Table 1). Four of these pro-
teins were apolipoproteins (APOA1, APOA4, APOE, and 
APOJ). Two proteins were the enzymes from the pathways 
of cholesterol biosynthesis (DHCR7) and metabolism 
(CYP27A1). Four proteins [LRP1, 2-macroglobulin re-
ceptor-associated protein 1 (LRPAP1), mesoderm develop-
ment candidate 2 (MESDC2), and SORT1] were related to 
receptors from the LDLR family. Two proteins (PON1 and 
PON2) pertained to HDL. One protein (SCARB2) was 
from the scavenger receptor family, which binds different 
molecules including oxidized LPPs. Finally, five proteins 
(OSBPs 1 and 2 along with OSBPLs 1A, L2, and L8) were 
from the oxysterol binding protein families. In addition, 
the label-free analysis provided insight into the groups of  
the most abundant retinal proteins, whose relative expres-
sion was comparable or even higher than that of the house-
keeping proteins. These were the nuclear histone proteins 
(HIST1H1C, HIST1H1E, HIST1H2AF, HIST1H2BB, 
HIST1H3A, and HIST1H4K), the chaperone proteins 
(CRYAA2 and CRYBB2), the enzymes involved in glycoly-
sis/gluconeogenesis as well as ATP production/utilization 
(ALDOA, ATP5B, CKB, ENO1, LDHA, PGAM1, PGK1, and 
PKM), and of course vision-related proteins (GNAT1, 
GNB1, GNT1, RHO, RLBP1, and SAG). Thus, APOE is not 
the only major apolipoprotein in the retina, and three 
other retinal apolipoproteins (APOA1, APOA4, and APOJ) 
could carry cholesterol excess in the Apoe/ retina to com-
pensate for a lack APOE.

Retinal proteomics of Apoe/ versus WT mice
The label-free analysis of the Apoe/ retina enabled the 

identification of proteins that were expressed differentially 
as compared with the WT retina. Proteins were considered 
as differentially expressed, if: i) two or more peptides per 

Fig. 1. In vivo imaging of C57BL/6J (WT) and Apoe/ mice on 
normal rodent chow and WTD. A, C: Ultra-high-resolution SD-OCT 
of mouse fundi (left) and retinal cross-sections (right). B, D: Fun-
dus images of early (left), intermediate (center), and late (right) 
stages of fluorescein angiography. All images are representative (n = 
3–5 mice per genotype).
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protein showed a significant change (P  0.05) in abun-
dance in Apoe/ versus WT retina; and ii) some of the re-
maining peptides in the Apoe/ retina had nonsignificant 
changes in abundance of the same direction as that of the 
significantly changed peptides. Based on these criteria, 

14 differentially expressed proteins were identified in the 
Apoe/ retina: 8 with a decreased expression and 6 with 
an increased expression as compared with the WT retina 
(Table 2). As an exception, we have also added ankyrin-2 
(ANK2) to the group of proteins with decreased abun-
dance in the Apoe/ retina; of the 57 peptides generated 
from ANK2, 13 had a decreased retinal abundance (3 pep-
tides with significant and 10 peptides with nonsignificant 
changes) and 5 peptides had an increased retinal abun-
dance (1 peptide with significant and 4 peptides with non-
significant changes) as compared with WT mice.

Of nine proteins with decreased expression in the Apoe/ 
retina, one was APOE, consistent with the Apoe/ geno-
type. The remaining eight proteins were ANK2, Na+/K+-
transporting ATPase subunit 2 (ATP1A2), -crystallin A1 
(CRYBA1), dihydropyrimidinase-related protein 4 (DPYSL4), 
ezrin (EZR), fibrinogen  chain (FGG), ketosamine-3-kinase 
(FN3KRP), and keratin, type I cytoskeletal 15 (KRT15). 
These eight proteins have different functions, yet six of 
them (ANK2, ATP1A2, CRYBA1, DPYSL4, EZR, and FGG) 
could be linked to ATP1A2 (supplemental Fig. S1).

Five proteins with increased retinal expression in Apoe/ 
mice were APOA4 , FTH1, high mobility group nucleosome- 
binding domain-containing protein 5 (HMGN5), leucine 

Fig. 2. Sterol profile in the retina and serum of C57BL/6J (WT) and Apoe/ mice. Retinal levels of cholesterol (A), lathosterol and des-
mosterol (B), as well as 24-hydroxycholesterol (24HC) and 5-cholestenoic acid (5CA) (C) in female and male mice on regular chow and 
WTD fed for 5 months (from 1 to 6 months of age). Serum levels of cholesterol (D), lathosterol and desmosterol (E), as well as 24HC (F) in 
female and male mice on regular chow and Western diet. Results are means ± SD; n, number of mice. For retinal cholesterol, lathosterol, 
desmosterol, and 24HC measurements, number of mice equals the number of retinas; for 5CA measurements, three and four samples for 
C57BL/6J and Apoe/ genotypes, respectively, were individually quantified, each containing two retinas from three or four mice. Signifi-
cance was calculated using a two-tailed, unpaired Student’s t-test. ** P  0.01; *** P  0.001. EC, esterified cholesterol.

Fig. 3. Retinal distribution of UC. A fluorescent antibiotic filipin 
was used for staining (cyan). A: Cross-section of the C57BL/6J (WT) 
retina. B: Cross-section of the Apoe/ retina. OPL, outer plexiform 
layer. All images are representative (n = 3 mice per genotype). Scale 
bars: 50 m.
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zipper and ICAT homologous domain-containing protein 
(LZIC), parathymosin (PTMS), and WD repeat and FYVE 
domain-containing protein 1 (WDFY1). The APOA4 up-
regulation in the Apoe/ retina could be a compensatory 
response to a lack of APOE, whereas an increased ex-
pression of the remaining four proteins could be a conse-
quence of an increased ferritin expression (supplemental 
Fig. S2).

Next, we investigated whether additional differentially 
expressed proteins could be identified, if the inclusion cri-
teria are relaxed and include proteins with a significant 
change in abundance in only one peptide with two or more 
of the remaining peptides showing a change in abundance 
of the same direction. Only eight such proteins were identi-
fied: six with a decreased expression and two with an 
increased expression in the Apoe/ retina (Table 3). The 
downregulated proteins were -crystallin B1 (CRYBB1), 
-crystallin B2 (CRYBB2), fibrinogen  chain (FGB), gel-

solin (GSN), histone H4 (HIST1H4K), and receptor 
expression-enhancing protein 5 (REEP5). The upregu-
lated proteins were secretogranin-2 (SCG2) and zinc finger 
CCCH domain-containing protein 4 (ZC3H4). The down-
regulation of CRYBB1 and CRYBB2 as well as FGB is consis-
tent with those of CRYBA1 and FGG, respectively, identified 
based on the more stringent inclusion criteria (Table 2). 
Similarly, the upregulation of SCG2 and ZC3H4 involved 
in macrophage activation (52–54) may reflect a low-grade 
retinal inflammation, which was already indicated by in-
creased levels of PTMS and WDFV1 (Table 2). Finally, the 
downregulation of GSN, an actin-binding protein whose 
fragment forms a complex with APOE (55), could reflect a 
lack of APOE.

Retinal gene expression in Apoe/ versus WT mice
Two groups of genes, cholesterol- and inflammation-

related, were evaluated, both encoding proteins, whose 
peptides were not detected by the label-free analysis. The 
first group included Apoa2, Apob, Apoc3, Apod, and Apof (all 
apolipoproteins); Lxr (liver X receptors)  and , tran-
scription factors that control the expression of Apoe, Lpl, 
and other genes of pertinence to lipoprotein-mediated 
cholesterol transport; Idol (inducible degrader of LDLR); 
Lpl (LPL that hydrolyzes triglycerides on chylomicrons and 
VLDL), and Ldlr (Fig. 4A). Abrogation of Apoe upregulated 
the expression of Apob and downregulated the expression 
of Apoc3, Apod, and Idol; the expression of the remaining 
genes was not changed. These data indicate that the 
Apoe/ retina may have compensatory changes in the ex-
pression of other apolipoproteins (in addition to changes in 
the APOA4 abundance; Table 2) as well an increased ex-
pression of LDLR, whose levels are controlled by IDOL (56).

The second group of the evaluated genes included Il-1 
and Il-6 (both interleukins), Tnf, Ccl2 (C-C motif chemo-
kine 2), Cox-2 (prostaglandin G/H synthase 2), and iNos 
(inducible NO synthase). The expression of Il-1, Il-6, Tnf, 
and Ccl2 was significantly downregulated, whereas that of 
Cox-2 was upregulated in the Apoe/ retina; the expression 
of iNos was unchanged (Fig. 4B). Such mixed pattern of 
changes suggests that both proinflammatory and antiin-
flammatory processes likely take place in the Apoe/ ret-
ina, consistent with the proteomics data, i.e., a simultaneous 
increase in the expression of proinflammatory PTMS, 
WDFV1, SCG2, and ZC3H4 and antiinflammatory LZIC 
and HMGN5 (Tables 2, 3 and supplemental Figs. S1, S2).

Immunochemistry for GFAP and Iba1
Retinal proteomics of the Apoe/ versus WT retina did 

not allow a conclusion about changes in the levels of GFAP 
and Iba1, markers for activated Müller cells and microglia/
macrophages, respectively (57, 58). There was significant 
data variability for the former and a lack of peptides from 
the latter. Hence, retinal immunochemical localizations of 
GFAP and Iba1 were carried out. The immunoreactivity for 
both GFAP and Iba1 was essentially absent in the WT retina 
but present in the Apoe/ retina (Fig. 5B, C, E, F). For 
GFAP, the immunoreactivity was mainly in the ganglion 
cell layer (GCL), consistent with predominant GFAP  

TABLE 1. Relative protein abundance (in alphabetical order) in the 
C57BL/6J retina as assessed by label free quantifications

Protein
Number of  

Peptides Peptide Intensity (a.u.) × 106

Cholesterol-related proteins
 APOA1 5 9.4 ± 8.1
 APOA4 3 1.4 ± 1.2
 APOE 6 4.2 ± 1.2
 APOJ 8 6.6 ± 3.4
 CYP27A1 1 2.3 ± 1.8
 DHCR7 2 2.4 ± 1.1
 LRP1 4 3.3 ± 0.9
 LRPAP1 5 5.7 ± 4.0
 MESDC2 5 3.2 ± 1.8
 OSBP1 1 2.9 ± 1.4
 OSBP2 1 3.7 ± 1.8
 OSBPL1A 3 4.7 ± 4.5
 OSBPL2 1 3.8 ± 2.3
 OSBPL8 1 2.5 ± 1.8
 PON1 5 8.5 ± 2.3
 PON2 2 6.3 ± 3.3
 SCARB2 2 5.2 ± 2.0
 SORT1 1 4.5 ± 2.5
Housekeeping Proteins
 ACTB 31 578.1 ± 773.1
 GAPDH 35 1,445.4 ± 760.4
 TUBA1A 47 500.5 ± 766.8
Most Abundant Retinal Proteins
 HIST1H1C 3 4,832.0 ± 6,081.8
 HIST1H1E 3 5,149 ± 4,426.7
 HIST1H2AF 5 5,881.7 ± 8,425.4
 HIST1H2BB 10 3,743.2 ± 4,806.4
 HIST1H3A 8 2,463,4 ± 3,603.4
 HIST1H4K 15 2,509.5 ± 3,787.6
 CRYAA2 5 733.6 ± 707.7
 CRYBB2 16 1,486.7 ± 1626.5
 ALDOA 29 482.4 ± 490.3
 ATP5B 49 309.4 ± 331.0
 CKB 30 615.2 ± 599.2
 ENO1 43 1,014 ± 1,353.5
 LDHA 21 599,8 ± 532,8
 PGAM1 16 537.5 ± 588.6
 PGK1 31 476.2 ± 480.7
 PKM 45 730.4 ± 1,062,5
Vision-related proteins
 GNB1 16 1,093.4 ± 841.1
 GNGT1 6 814,4 ± 1,195.8
 RHO 8 959.9 ± 1,139.2
 SAG 27 788.5 ± 1,037.8

a.u., arbitrary units.
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expression in the end feet of retinal Müller cells (57). For 
Iba1, the immunoreactivity was around a blood vessel in 
the GCL. Thus, it is possible that APOE absence activates 
retinal Müller cells where this apolipoprotein is expressed 
(19) and leads to microglia/macrophage accumulation in 
or around some blood vessels due to high serum choles-
terol content (25). Overall, the immunohistochemistry 
data suggested that there is only a minor retinal inflamma-
tion in Apoe/ mice.

Ultrastructural changes in the Apoe/ retina
No more than mild alterations in the Apoe/ retina were 

detected previously by TEM. These were: i) increases in the 
incidence and amount of basal linear deposit-like debris in 
BM in aged mice (28); ii) some condensation of nuclear 
chromatin and focal perinuclear vacuolization in the inner 

nuclear layer (INL) (26); and iii) a decrease by 17% in cell 
number in the outer nuclear layer (ONL) (26). Retinal 
proteomics indicated that the RPE cytoskeleton and vesicu-
lar traffic could be disturbed in Apoe/ mice (supplemen-
tal Figs. S1, S2). Accordingly, we used TEM with osmium 
and tannic acid-p-phenylenediamine (OTAP), an approach 
that did not seem to be used previously in studies of the 
Apoe/ retina and whose advantage is that it preserves 
and enhances the visualization of membranous structures 
(tannic acid) and osmium-treated neutral lipids (p-phenyl-
enediamine) (35). We found that in the Apoe/ retina, 
some of the RPE microvilli appeared shorter than others, 
and there were numerous membrane-bounded vesicles 
inside the RPE and at the RPE-OS interface (Fig. 6B). Re-
markably, the observed changes in the Apoe/ retina were 
reminiscent of those in the brain of Apoe/ mice, which 

TABLE 2. Alphabetical list of proteins with differential abundance in the Apoe/ (KO) versus WT retina 

Protein (total number of  
detected peptides)

Peptides with Significant Changes  
in Abundance

Peptide Intensity (a.u.) × 106 Peptide  
Intensity Ratio,  

KO/WT

Number of Peptides with 
Nonsignificant Changes in 

Abundance, KO/WTApoe-/-, Mean ± SD WT, Mean ± SD

Proteins with Decreased  
Abundance in the Apoe/ 
versus WT Retina

 ANK2 (57) NGLSPLHMAAQGDHVECVK 0.1 ± 0.1 4.7 ± 4.1 0.02 10 (↓) and 4 (↑)
SAALLLQNDHNADVQSK 0.2 ± 0.4 3.8 ± 2.4 0.06
CFCMTDDK 2.5 ± 1.2 3.8 ± 2.7 0.63
MNEEIQEEPATSEDK 5.7 ± 1.7 3.7 ± 0.3 1.54

 ApoE (6) LGADMEDLR 0.0 ± 0.0 4.4 ± 4.2 WT only None
LGPLVEQGR 0.4 ± 0.8 5.7 ± 3.8 0.07
MEEQTQQIR 0.0 ± 0.0 3.1 ± 2.4 WT only
NEVHTMLGQSTEEIR 0.0 ± 0.0 2.5 ± 1.4 WT only
LQAEIFQAR 0.0 ± 0.0 4.7 ± 2.7 WT only
TANLGAGAAQPLR 0.0 ± 0.0 4.7 ± 2.4 WT only

 ATP1A2 (11) SPEFTHENPLETR 4.5 ± 2.5 8.5 ± 5.0 0.53 7 (↓)
LCFVGLMSMIDPPR 1.5 ± 0.9 3.2 ± 1.5 0.46
EMQDAFQNAYMELGGLGER 1.7 ± 0.9 4.3 ± 3.1 0.40
FDTDELNFPTEK 5.9 ± 2.0 9.7 ± 5.0 0.61

 CRYBA1 (5) RMEFTSSCPNVSER 29.1 ± 39.4 223.2 ± 148.2 0.13
ENFIGRQWEICDDYPSLQAM 1.2 ± 1.0 12.7 ± 3.8 0.09 3 (↓)
GWFNNEVGSMK

 DPYSL4 (21) GVNSFLVFMAYK 0.4 ± 0.3 0.9 ± 1.3 0.44 4 (↓)
NLHQSGFSLSGSQADDHIAR 26.1 ± 8.8 40.1 ± 13.3 0.65

 EZR (9) GTDLWLGVDALGLNIYEK 3.8 ± 1.8 6.00 ± 1.1 0.63 2 (↓)
FYPEDVAEELIQDITQK 4.3 ± 0.9 5.9 ± 0.4 0.73

 FGG (6) FEGNCAEQDGSGWWMNK 1.2 ± 0.5 2.0 ± 1.0 0.60 1 (↓)
SSTTNGFDDGIIWATWK 1.3 ± 0.5 2.3 ± 2.3 0.57

 FN3KRP (5) EALELWSALQLK 5.0 ± 3.3 10.0 ± 5.9 0.50 3 (↓)
MFEGEMASLTAILK 4.5 ± 2.8 8.3 ± 2.6 0.54

 KRT15 (3) AGLENSLAEVECR 0.6 ± 0.7 2.3 ± 0.4 0.26 None
EVASNTEMIQTSK 0.7 ± 0.6 2.8 ± 0.6 0.25

Proteins with Increased 
Abundance in the Apoe/ 
versus WT Retina

 APOA4 (3) LGDASTYADGVHNK 1.2 ± 0.3 0.3 ± 0.2 4.0 1 (↑)
SLAPLTVGVQEK 3.6 ± 1.1 1.1 ± 0.7 3.3

 FTH1 (3) IFLQDIK 6.7 ± 3.3 3.4 ± 2.0 1.97 None
MGAPEAGMAEYLFDK 16.8 ± 3.7 10.5 ± 0.9 1.60
QNYHQDAEAAINR 4.2 ± 1.3 0.4 ± 0.2 10.5

 HMGN5 (10) EGQPEEDGKEDQPEEDGK 1.3 ± 1.9 0.3 ± 0.5 4.33 5 (↑)
SEDAEVSKDEEEK 1.6 ± 0.7 0.8 ± 0.6 2.00

 LZIC (3) VSTELGSGDK 4.9 ± 1.2 2.5 ± 0.4 1.96 None
LMQQLQDLEECREELDADEYEETK 16.2 ± 3.1 9.1 ± 1.1 1.78

 PTMS (3) TAEEEDEADPK 31.7 ± 17.7 8.3 ± 3.5 3.82 1 (↑)
TAEEEDEADPKR 18.5 ± 13.3 8.1 ± 4.2 2.28

 WDFY1 (4) CEQPFFWNIK 231.0 ± 326.7 32.0 ± 45.3 7.22 None
LEQNTCSVITTLK 229.0 ± 310.0 44.0 ± 31.2 5.20

Two or more peptides in each of these proteins had a significantly different abundance (P  0.05) between the genotypes, and a number of the 
remaining peptides showed the same direction of change in abundance (nonsignificant); in the latter, the KO/WT peptide intensity ratio was 0.7 
(↓) or 1.3 (↑). a.u., arbitrary units.
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had a decreased integrity of the dendritic cytoskeleton 
with dendritic processes showing abundant vacuolization 
and distortion of their morphology (59). Consequently, 
inside the RPE, the detected vesicles could represent 

endosomes and multivesicular bodies, whereas outside 
the RPE, the membrane-bounded vesicles could be the 
vesiculated microvilli. The altered size of these vesicles in 
Apoe/ mice may also be an indicator of disturbed vesic-
ular traffic.

In addition, we found a region on TEM with a more 
intense RPE staining (Fig. 6D), which looked condensed 
as compared with the adjacent region with a normal in-
tensity of staining. Hence, we next analyzed the toluidine- 
blue plastic section that encompassed this TEM region 
with increased intensity (Fig. 6C). Similar to the TEM 
section, the staining intensity of this region with tolu-
idine blue was also stronger as compared with the re-
maining RPE, and there were two additional regions in 
the section that had a more intense toluidine-blue staining. 

TABLE 3. Alphabetical list of proteins, which may have differential abundance in the Apoe/ (KO) versus WT retina

Protein (total number. of detected  
peptides)

Peptides with Significant Changes  
in Abundance

Peptide Intensity (a.u.) × 106

Peptide Intensity  
Ratio, KO/WT

Number of Peptides 
with Nonsignificant 

Changes in Abundance, 
KO/WTApoe-/-, Mean ± SD WT, Mean ± SD

Proteins with decreased abundance in  
the Apoe/ versus WT retina

 CRYBB1 (8) VGSITVSGGTWVGYQYPGYR 0.8 ± 0.5 6.7 ± 3.3 0.12 7 (↓)
 CRYBB2 (9) GEYPRWDSWTSSR 0.7 ± 0.7 22.4 ± 18.2 0.03 8 (↓)
 FGB (4) YCGLPGEYWLGNDK 3.3 ± 1.5 5.0 ± 4.2 0.66 2 (↓)
 GSN (11) SEDCFILDHGR 2.2 ± 3.8 9.5 ± 3.3 0.24 10 (↓)
 HIST1H4K (14) VFLENVIRDAVTYTEHAK 67.5 ± 114.8 1,378.0 ± 399.4 0.05 10 (↓)
 REEP5 (4) HESQVDSVVK 3.0 ± 2.3 5.1 ± 4.4 0.59 3 (↓)
Proteins with Increased Abundance in  

the Apoe/ versus WT Retina
 SCG2 (5) PNGLVEPEQDLELAVD 

LDDIPEADLDRPDMFQSK
3.0 ± 0.7 2.0 ± 0.8 1.5 3 (↑)

 ZC3H4 (7) LDSFSQVGPGSETVTQK 3.2 ± 1.2 1.6 ± 0.3 1.90 6 (↑)

One peptide in each of these proteins had a significantly different abundance (P  0.05) between the genotypes, and two or more of the 
remaining peptides showed the same direction of change in abundance (nonsignificant); in the latter, the KO/WT peptide intensity ratio was 0.7 
(↓) or 1.3 (↑). a.u., arbitrary units.

Fig. 4. Retinal gene expression in C57BL/6J (WT) and Apoe/ 
mice. Relative expression of cholesterol-related (A) and proinflam-
matory (B) genes after normalization to the expression of -actin. 
Results are means ± SD of triplicate measurements on pooled retinal 
samples from six (C57BL/6J) or five (Apoe/) mice, a total of 12 and 
10 retinas, respectively. Significance was calculated using a two-tailed, 
unpaired Student’s t-test. * P  0.05; ** P  0.01; *** P  0.001.

Fig. 5. Retinal Müller cells and microglia/macrophage status in 
C57BL/6J (WT) and Apoe/ mice. A, D: Control (Ctrl) stains with 
preimmune serum only. B, E: Retinal GFAP immunolocalizations 
(green). C, F: Retinal Iba1 immunolocalizations (red). Nuclei 
were stained with DAPI (blue). All images are representative (n = 3 
mice per genotype). Scale bars: 50 m.
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Toluidine blue is an acidophilic metachromatic dye whose 
staining intensity depends on pH (60), and there may be 
intracellular acidification due to inhibition of Na+/K+-
ATPase (61). Accordingly, changes in staining intensity 
with toluidine blue could reflect focal decreases in the 
ATP1A2 abundance in the Apoe/ retina (Table 2) and 
subsequent cell acidification. Changes on TEM are more 
difficult to interpret because they could reflect the effect 
of pH on tissue fixation or alteration in the RPE caused 
by cellular acidification.

Immunochemistry for FTH1 and Perls’ stain
An increase in retinal abundance of FTH1 in Apoe/ 

mice prompted retinal FTH1 immunolocalizations. In the 
WT retina, the strongest immunoreactive signal was ob-
served in the photoreceptor inner segment (IS) and the 
innermost inner plexiform layer (IPL) (Fig. 7A, B). In the 
Apoe/ retina, the signal intensity in the IS was significantly 
diminished, whereas that in the GCL became more promi-
nent (Fig. 7C, D). Thus, there are changes in the FTH1 
expression pattern in the Apoe/ retina, and these changes 
could reflect iron accumulation in the GCL.

Because FTH1 protein translation can be upregulated by 
increased intracellular iron (62), we performed the VIP-
enhanced Perls’ histochemical stain for iron in retinas 
from WT and Apoe/ mice. There was no detectable signal 
in retinas from either genotype (data not shown). How-
ever, this does not rule out a moderate increase in retinal 
iron in the KO mice, because the Perls’ stain is a less-sensi-
tive measure of retinal intracellular iron accumulation 
than immunohistochemistry for ferritin (63).

Fig. 6. Retinal ultrastructure of C57BL/6J (WT) and Apoe/ 
mice. A, B, D: TEM of RPE and interface with the OSs. BM is also 
shown. Magenta circles denote some of the membrane-bounded 
vesicles; arrowheads denote some of the microvilli with altered mor-
phology. C: Toluidine blue stain of an Apoe/ retinal cross-section 
showing the areas with a more intense stain (white rectangles). The 
ultrastructure of the left rectangle is shown in D. A, B: Images are 
representative of two mice per genotype. C, D: Changes are found 
in one of the two mice analyzed. Scale bars: 2 m (A, B); 50 m (C); 
and 5 m (D).

DISCUSSION

The present work led to several novel findings. First, reti-
nal cholesterol was documented to be increased almost 
3-fold in Apoe/ mice, yet did not form visible focal depos-
its in the retina (Figs. 2, 3). Second, the most abundant 
retinal cholesterol-related proteins were identified (Table 
1), including major apolipoproteins (APOA1, APOA4, 
APOE, and APOJ) and receptors for retinal LPP (SCARB2 
and LRP1), as well as proteins that control the expression 
of the LPP receptors (LRPAP1, MESDC2, and SORT1). 
Third, comparative studies of the retinal sterol, protein, 
and mRNA levels in Apoe/ versus WT mice (Figs. 2, 4, 5 
and Tables 2, 3) revealed several compensatory mecha-
nisms that are likely triggered by a lack of APOE and un-
derlie, at least in part, only a minor retinal phenotype of 
Apoe/ mice. Finally, retinal proteomics pointed to nonca-
nonical functions of APOE (supplemental Figs. S1, S2), 
which were tested in part in the present work and sug-
gested that APOE may play a role in the maintenance of 
the RPE cytoskeleton and vesicular traffic as well as retinal 
iron homeostasis (Figs. 6, 7).

The retina synthesizes cholesterol locally (Fig. 8A) (64, 
65) as well as takes up cholesterol from the systemic circula-
tion (Fig. 8B), mainly via the RPE and receptors present on 
the RPE basolateral side: LDLR, SRB1 (now SCARB1), and 
CD36 (now SCARB2) (17, 18, 66–68). Once in the RPE, 
systemic cholesterol is likely reassembled and secreted ba-
solaterally and apically in the form of LPPs (Fig. 8C, D). 
The basolaterally secreted LPPs (called BM-LP and com-
posed of APOA1, APOB, APOC1, APOC2, and APOE) traf-
fic to the choroid (69, 70). The apically secreted LPPs 
(called HDL-like particles and composed of APOA1, APOE, 
and probably other apolipoproteins) traffic inside the ret-
ina and deliver lipids to different cell types (Fig. 8E) (4). 
An almost 3-fold increase in retinal cholesterol in Apoe/ 
mice (Fig. 2A) confirmed retinal importance of APOE as a 
recognition ligand for the LPP uptake (Fig. 8E′) and sug-
gested that this increase is likely due to an increase in the 
amount of cholesterol on LPPs circulating in the intrareti-
nal space (Fig. 8F′).

To compensate for retinal cholesterol increase, several 
homeostatic responses probably became operative in the 
Apoe/ retina. The first was the upregulation of retinal 
APOA4 (Table 2, Fig. 8F′), the apolipoprotein that was also 
upregulated in the serum of an APOE-deficient individual 
and found on his VLDL and IDL, the particles that nor-
mally contain APOE but not APOA4 (16). This upregula-
tion suggests that APOA4 and APOE could have redundant 
functions in the retina as carriers of intracellular choles-
terol, which prevent increased intraretinal cholesterol con-
tent in Apoe/ mice from focal deposition (Fig. 3). Yet, 
APOA4 does not seem to replace APOE as a recognition 
ligand on retinal LPPs, which stay in Apoe/ mice in the 
intraretinal space and increase retinal cholesterol levels 
(Fig. 8F′). In addition, APOA4, an antiinflammatory agent 
and a potent inhibitor of lipid oxidation (71–73), may pro-
tect the retina from cholesterol oxidation and subsequent 
inflammation. These functions would be particularly 
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important for the Apoe/ retina, which has a cholesterol 
overload, and be consistent with the proinflammatory gene 
downregulation (Il-1, Il-6, Tnf, and Ccl2; Figs. 4, 8G′), as 
well as moderate immunoreactivity for GFAP and Iba1 
(Figs. 5, 8H′). Furthermore, the downregulation of Apoc3 
[also downregulated on serum VLDL and IDL of the 
APOE-deficient individual (16)] and Apod (Figs. 4, 8F′) 
suggests that not only APOA4 but other apolipoproteins 
could be a part of this compensatory response.

Additional compensatory mechanisms that were trig-
gered in the Apoe/ retina likely pertain to those inside reti-
nal cells and the RPE. In the former, these mechanisms 
probably reflect cell deprivation from intraretinal choles-
terol because retinal cells can no longer acquire LPPs lack-
ing APOE (Fig. 8E′). Therefore, the rates of cholesterol 
biosynthesis in neurons (lathosterol) and astrocytes (des-
mosterol) were increased in the Apoe/ retina (Figs. 2B, 
8A′), whereas cholesterol elimination by metabolism to 
5-cholestenoic acid was decreased (Figs. 2C, 8I′). In the 
RPE, a decrease in the Idol expression (Figs. 4, 8B′), if trans-
lated into a decrease in the protein expression, should in-
crease the LDLR levels and hence the uptake of serum LDL 
to compensate for a decreased uptake of APOA1/APOE-
containing HDL. Because LDLR could induce APOB degra-
dation (74), increased LDLR levels in the Apoe/ retina 
would lead to a compensatory Apob upregulation (Fig. 8B′), 
which may also serve as a mechanism to increase the uptake 
by choroidal blood vessels of BM-LP lacking APOE (Fig. 
8C′). Collectively, these and other homeostatic responses in 
Apoe/ mice probably diminished the impact of APOE ab-
sence on the retina and led only to a minor retinal pheno-
type. Conversely, if functional APOE was expressed and 
presented by an isoform (such as in humans or transgenic 
mice), the homeostatic responses would be weaker (if any at 
all) and lead to the isoform-specific phenotype. Thus, we 
agree with the conclusion of the study of the APOE-lacking 
individual that having no APOE is better than having the 
deleterious APOE isoform and that the targeted knock-
down of APOE in the CNS might indeed be a therapeutic 
modality in neurodegenerative disorders (16).

Besides homeostatic responses specific to the Apoe/ 
retina, we have potentially identified a general mechanism 
for protecting the retina from the increased content of se-
rum cholesterol. Serum LDL is known to be avidly taken up 
by the RPE (17, 18) and is increased 2.3- and 1.4-fold in WT 
and Apoe/ mice, respectively, fed a WTD (25). We put 
both genotypes on a WTD and found that retinal levels of 
their lathosterol and desmosterol were decreased as com-
pared with animals fed regular chow (Fig. 2B). This result 
suggests that when serum cholesterol is increased, there is 
a compensatory downregulation of cholesterol biosynthe-
sis, likely in the RPE, to balance an increased uptake of se-
rum LDL. This cholesterol biosynthesis downregulation 
provides an explanation for a lack of consistent association 
between serum lipids and the incidence or progression of 
AMD (75).

Retinal detection by the label-free approach of the 18 
cholesterol-related proteins (Table 1) was in agreement 
with previous studies in the field, which already docu-
mented the expression in the retina of some of the de-
tected proteins (APOA1/4, APOE, CYP27A1, DHCR7, and 
SCARB2) (4, 20, 33, 68, 76–78). In addition, these pro-
teomics data pointed to cholesterol-related proteins that 
have not yet been considered for their role in retinal cho-
lesterol maintenance. So far, the main focus in retinal re-
search was on APOE as the major apolipoprotein in the 
retina (26–28). Retinal studies of APOA1 and APOJ were 
conducted in the noncholesterol context (76, 77, 79, 80), 
and APOA4 was not investigated at all. Our work showed 
that not only APOE but also APOJ, APOA1, and APOA4 
are present in the retina and should further be studied for 
their roles in retinal lipid transport (Fig. 8F). All four apo-
lipoproteins are abundant in the brain (3) and integrate 
into APOAs/APOE- or APOJ-containing LPPs (81). If the 
same integration occurs in the retina, which like the brain 
is a neural tissue, there is probably still an uptake of the 
APOJ-containing LPPs in the Apoe/ retina (Fig. 8E′), and 
this uptake involves LRP8 (ApoER2), VLDLR, and possibly 
LRP2 (megalin) (Fig. 8E) (82). The three receptors are 
known to be expressed in the retina (83–85) and recognize 

Fig. 7. Retinal stains for FTH1 in C57BL/6J (WT) and 
Apoe/ mice. A, C: Control (Ctrl) stains without primary 
antibody. B, D: Retinal FTH1 immunolocalizations (red). 
Nuclei were stained with DAPI (blue). All images are rep-
resentative (n = 3 mice per genotype). Scale bars: 100 m.
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both APOE and APOJ. Measurements of retinal cholesterol 
in Apoj/ mice would be required to gain insight into rela-
tive contributions of APOE and APOJ to the uptake of reti-
nal LPP.

Research on retinal/RPE receptors for LPPs has been 
limited so far to those known to bind serum LPPs (LDLR, 
SCARB1, and SCARB2; Fig. 8B) (17, 18, 66–68). Our work 
highlighted LRP1, another LPP receptor, as well as LRPAP1 
and MESDC2, the LRP chaperones (Table 1, Fig. 8E). LRP1, 
a scavenger receptor for diverse ligands including 2-
macroglobulin and APOE (86), is a major LPP receptor in 
the brain (3). In the retina, LRP1 was minimally detectable 
by immunohistochemistry but was found to be significantly 
upregulated in diabetic retinopathy, sickle cell retinopathy, 
and proliferative vitreoretinopathy (87–89). In addition, 
LRP1 was shown to be protective against normal tension 
glaucoma by preventing retinal ganglion cells from death 
(90). Thus, similar to the brain, LRP1 seems to be of impor-
tance for the retina, where it probably interacts with LR-
PAP1, a chaperone, which is required for normal functional 
expression of LRP1 [LRPAP1 deficiency leads to LRP1 de-
ficiency and severe myopia (91)]. The other function of 
LRPAP1 is to prevent all known ligands from binding to 
LRP1 (92–94). Yet, the role of LRPAP1 in cellular uptake of 
retinal LPP has not yet been evaluated. Similarly, not much 
is known about cholesterol-related significance of MESDC2, 
a chaperone for LRPs 2, 4, 5, and 6 (Fig. 8E) (95, 96), 
whose functions are similar to those of LRPAP1, i.e., facili-
tation of receptor folding and regulation of ligand-receptor 
interactions. MESDC2 was only shown to be released from 
the shed OSs and bind to these shed segments to facilitate 
their phagocytic clearance by the RPE (97). The identifica-
tion of LRP1, LRPAP1, and MESDC2 as abundant choles-
terol-related retinal proteins enhances our knowledge 
about retinal cholesterol maintenance and links retinal 
cholesterol to other retinal processes, some of which have 
not yet been considered for association with this lipid.

Of importance is perhaps retinal detection of SORT1 
and the OSBPs (OSBPs 1 and 2 as well as OSBPLs 1A, L2, 
and L80) (Table 1, Fig. 8J). SORT1 is a member of the 
Vps10p (vacuolar protein sorting 10 protein) receptor fam-
ily, which can bind to a variety of protein ligands and trans-
port them from trans-Golgi network to lysosome or plasma 
membranes by endosomal traffic (98). These functions 
posttranslationally regulate plasma VLDL and LDL levels 
and tissue levels of LDLR (98, 99). In the retina, SORT1 
was shown to be involved in the regulation of the cell-sur-
face levels of LRP1 (100) and thereby to be a posttransla-
tional regulator of retinal cholesterol input via LPP uptake. 
Previously, we found that a posttranslational mechanism 
(protein ubiquitination) plays a role in retinal control of 
cellular cholesterol biosynthesis (48). In the present work, 
we detected SORT1 and thus obtained a novel insight 
that both pathways of retinal cholesterol input (cellular 

cholesterol biosynthesis and cellular uptake of cholesterol-
containing LPPs) could be controlled posttranslationally. 
Like SORT1, OSBPs and OSBPLs (Fig. 8J) transport mole-
cules inside cells, but these molecules are lipids, rather 
than proteins (e.g., oxysterols and cholesterol). OSBPs fa-
cilitate cholesterol exchange between membrane junctions 
inside cells (101, 102) and received so far only little atten-
tion in the retinal field (103). Yet, five members from this 
family were found to be abundant in the retina (Table 1), 
thus suggesting that retinal significance of intracellular 
retinal sterol transport is currently underestimated and re-
quires additional investigations.

Finally, APOE was shown to be important for microtubu-
lar stability in the brain due to its interaction with tau and 
MAP2C (59, 104, 105), the microtubule-associated proteins. 
We detected a decreased abundance of ATP1A2, ANK2, and 
EZR in the Apoe/ versus WT retina (Table 2) and linked 
these changes to the RPE cytoskeleton maintenance and ve-
sicular traffic (Fig. 8K′). We hypothesized that these pro-
cesses affect phagocytosis and endocytosis (Fig. 8L) and 
ultimately lead to iron accumulation in the Apoe/ retina 
(supplemental Figs. S1, S2). We used TEM with OTAP and 
found that Apoe/ mice had numerous membrane-bounded 
vesicles inside the RPE and at the RPE-OS interface (Figs. 6, 
7). We also carried out FTH1 immunohistochemistry and 
showed a change in FTH1 localization, with retinas from 
Apoe/ mice showing less signal in photoreceptors and 
more signal in retinal ganglion cells (Fig. 7). These results 
suggest that Apoe/ mice may have affected intercellular 
retinal iron trafficking. Ferritin can also be upregulated by 
inflammation, but the Apoe/ retinas showed only limited, 
if any, inflammation. Additional studies are required to fur-
ther test our proteomics interpretations; nevertheless, our 
work points to the noncanonical and novel APOE roles.

In summary, we confirmed retinal importance of APOE 
and demonstrated that the retinal impact of APOE defi-
ciency is minimized by homeostatic responses. We identi-
fied some of these responses and found them to be similar 
to those in the APOE-deficient individual. The data ob-
tained support the notion that targeted silencing of APOE 
in the central nervous system might be a therapeutic ap-
proach for Alzheimer’s disease and AMD. In addition, we 
found key apolipoproteins and receptors involved in the 
intraretinal lipid transfer. Abundant cholesterol-related 
proteins from other pathways of retinal cholesterol mainte-
nance were discovered in the retina as well and pointed to 
the gaps in our knowledge about retinal cholesterol ho-
meostasis. Finally, evidence was obtained that APOE might 
have roles beyond those of lipid transfer.
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Fig. 8. Putative links between the proteins, genes, and sterols discussed in the present work. The biological processes in WT and Apoe/ 
mice are labeled with bold small letters in maroon and small letters with primes in maroon, respectively. Proteins and sterols are in capital 
and small letters in black, respectively; all genes are italicized. The vertical upwards and downwards arrow indicate increases and decreases, 
respectively. 5CA, 5-cholestenoic acid. All other abbreviations are expanded in supplemental Text 1.
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