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Several lines of evidence suggest a link between age-related macular degeneration and retinal cholesterol main-
tenance. Cytochrome P450 27A1 (CYP27A1) is a ubiquitously expressed mitochondrial sterol 27-hydroxylase
that plays an important role in the metabolism of cholesterol and cholesterol-related compounds. We con-
ducted a comprehensive ophthalmic evaluation of mice lacking CYP27A1. We found that the loss of CYP27A1
led to dysregulation of retinal cholesterol homeostasis, including unexpected upregulation of retinal choles-
terol biosynthesis. Cyp27a1~/~ mice developed retinal lesions characterized by cholesterol deposition beneath
the retinal pigment epithelium. Further, Cyp27a1-null mice showed pathological neovascularization, which
likely arose from both the retina and the choroid, that led to the formation of retinal-choroidal anastomosis.
Blood flow alterations and blood vessel leakage were noted in the areas of pathology. The Cyp27a1~/- retina
was hypoxic and had activated Miiller cells. We suggest a mechanism whereby abolished sterol 27-hydroxylase
activity leads to vascular changes and identify Cyp27a1~- mice as a model for one of the variants of type 3 retinal

neovascularization occurring in some patients with age-related macular degeneration.

Introduction

Our sense of sight depends on a normally functioning retina, the
light-sensitive tissue lining the inner surface of the eye. Of particu-
lar importance is the central macula, which is responsible for visu-
al acuity and color vision. When the macula begins to degenerate,
the affected individual loses central vision and the ability to read
fine print and recognize faces. Age-related macular degeneration
(AMD) is a major cause of irreversible vision loss and blindness in
the elderly of industrialized countries (1).

AMD is a progressive disease manifested at late stages in 2 forms,
non-neovascular and neovascular. The latter involves retinal vas-
cular networks (Supplemental Figure 1A; supplemental material
available online with this article; doi:10.1172/JCI63816DS1) and is
classified into types 1, 2,and 3 (2, 3) based on anatomical position
of the neovascular process relative to the retinal pigment epitheli-
um (RPE), a monolayer of cells serving as an interface between the
retina and choroid (4). In types 1 and 2, new blood vessels originate
from the choroid and proliferate below (type 1) and above the RPE
(type 2; Supplemental Figure 1, B and C). Type 2 neovasculariza-
tion (NV), also called classic choroidal NV, represents the typical
clinical course of neovascular AMD. In contrast, in type 3 NV, the
proliferative activity can also occur within the retina and coexist
with choroidal NV (Supplemental Figure 1, D and F, and ref. 3). A
distinct feature of this type of NV is formation of retinal-choroidal
anastomosis (RCA) (Supplemental Figure 1E), which aberrantly
connects intraretinal and choroidal vascular networks that normal-
ly supply blood to the inner and outer retina, respectively. Type 3
NV, also referred to as retinal angiomatous proliferation (RAP), is
present in 10% to 15% of neovascular AMD cases (5) and is a form
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of exudative AMD described only in the past decade (3). This form
of NV is unique in terms of demographics, risk factors, clinical
manifestations, disease course, and response to treatment (3).

The exact etiology of AMD is currently not fully understood, but
is believed to be multifactorial, involving aging and interactions
between genetic and environmental factors (6, 7). Cholesterol is
somehow involved, as cholesterol-rich and lipid-rich extracellular
lesions (drusen and basal linear deposits) are the hallmark features
of early- and intermediate-stage AMD (8-10). The accumulation
of drusen and basal linear deposits is a part of the normal aging
process, yet in individuals with AMD, these lesions are larger in
size and number. Although cholesterol and extractable lipids, par-
ticularly cholesterol esters, account for more than 40% of druse
volume (10-12), population-based studies have failed to establish
a clear association between serum lipid profiles and AMD (13-17).
In contrast, genetic studies have identified several cholesterol-
related genes (apoE, CETP, ABCA1, and LIPC) as risk factors for
AMD (18-22). This apparent inconsistency suggests that the link
between cholesterol and AMD is complex and likely involves dis-
turbances in cholesterol homeostasis in the retina, a yet-under-
investigated area in vision research (23). An important approach to
bridging this gap involves ocular evaluation of genetically manipu-
lated animals. To date, such studies have focused on mouse mod-
els with deficiencies in lipoprotein-mediated cholesterol transport
(24, 25), and less attention has been paid to the enzymatic path-
ways by which cholesterol is eliminated from tissues.

Cytochrome P450 27A1 (CYP27A1) is a ubiquitous enzyme that
catalyzes the hydroxylation of cholesterol and other sterols at posi-
tion C27 and thereby plays an important role in bile acid biosynthe-
sis in the liver, cholesterol removal from many extrahepatic tissues,
and activation of vitamin Dj in the kidney (26). We established that
CYP27A1 is the principal cholesterol hydroxylase in the retina, where
it accounts for the majority of enzymatic cholesterol elimination
(27,28). In humans, CYP27A1 deficiency leads to cerebrotendinous
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Age-dependent progression of retinal pathologies in Cyp27a7-- mice. Representative OCT fundus depth images (50° field of view) at the OPL in
Cyp27ai-- (A, G, and K) and age- and sex-matched Cyp27a1++ (F, J, and N) animals. Areas of pathology are circled, and those that were further
examined by SD-OCT cross sections (B, H, and L) are marked with arrows; arrows of the same color indicate the same animal. Representative
cross sections of the corresponding areas in Cyp27a7++ animals (E, I, and M) are also shown. Labeling of retinal layers is based on hyper- and
hyporeflective OCT bands. Scale bars: 300 um (A, F, G, J, K, and N); 60 um (B-E, H, |, L, and M).

xanthomatosis (CTX), a rare and multi-symptom lipid storage dis-
ease whose typical clinical features include juvenile bilateral cataracts,
neurological dysfunction, and tendon xanthomas. CTX patients
also complain of diarrhea and often have premature atherosclerosis
and osteoporosis (29, 30). A number of ocular abnormalities have
been reported, including cholesterol-like crystals in the vitreous,
premature retinal senescence with drusen and retinal vessel sclero-
sis, cholesterol-like deposits along the vascular arcades, RPE defects
on fluorescein angiography (FA), and optic disc pallor (31-33).
These abnormalities indicate that CYP27A1 plays an important
role in the retina and that a better understanding of the role of this
enzyme will provide insight into the role of cholesterol in this organ.

Cyp27al~~ mice have undergone extensive characterization
(34-38). They lack classical symptoms of CTX, such as cataracts,
brain and tendon xanthomas, and atherosclerosis, but repro-
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duce several of the important biochemical changes observed in
humans. Similar to humans, hepatic synthesis of cholesterol
and bile acid intermediates is increased in Cyp27a1~~ mice, and
the pool of bile acids is reduced. These animals also show accu-
mulation of the cholesterol biohydrogenation product cholesta-
nol in plasma and tissues when plasma levels of cholesterol are
normal (34, 35, 37, 38). Changes in Cyp27al~/~ mice, however,
are less pronounced than in humans and are thought to reflect
distinct manifestations of sterol 27-hydroxylase deficiency in
Cyp27a17/~ mice and CTX patients (36). Despite these differenc-
es, CTX patients and Cyp27al~~ mice both exhibit dysregulated
lipid metabolism. Here, we show that lack of Cyp27al in mice is
associated with RCA as well as vascular leakage and focal depo-
sitions containing cholesterol along Bruch’s membrane (BrM).
We also provide a mechanistic explanation for the observed
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of Cyp27a17/- males (16/19) had

developed at least 1-2 large
spots in both eyes.

Lesion structure. We investigated
the structure of small and large
spots by serial sectioning of par-
affin-embedded eyes followed
by H&E staining (Figure 2).
Serial sectioning through a
small lesion in an 8-month-old
Cyp27al~~ animal revealed OPL
disruption and torsion near

Figure 2

Distinct structures of small and large lesions in Cyp27a1-- mice. (A) Representative SD-OCT cross section
and (B-E) serial sections through a small hyperreflective spot. (F) SD-OCT cross section and (G-J) serial
sections through a large hyperreflective spot. Dark blue arrows (B-D) indicate dilated structure in the INL;
pink arrow (B) points to twisting of the OPL; yellow arrows (E and J) show red blood cells in blood vessels;
white and green arrows (F, H, and J) mark the blood vessels growing into the ONL; black arrow (G) indicates
fibrosis in the OPL; red arrow (G) points to a representative cystic space and edema of the INL; light blue
arrow (G) indicates fibrovascular material above BrM; orange arrows (H and J) indicate RPE debris in the
ONL; purple arrows (H and J) indicate merged blood vessel in the photoreceptor layer. Scale bars: 30 um

(A-D, F-I); 10 um (E and J). Original magnification, x400.

ocular phenotype. The data obtained advance our understand-
ing of how disturbances in retinal cholesterol homeostasis may
underlie neovascular forms of AMD, which are associated with
the greatest risk of vision loss.

Results

In vivo imaging with ultra—high resolution spectral-domain optical cober-
ence tomography. Spectral-domain optical coherence tomography
(SD-OCT) fundus imaging of 1.5-month-old Cyp2741~~ mice
revealed small hyperreflective spots in the inferior retina (Figure 1A)
that were not observed in the superior retina or in WT littermates
(Figure 1F). In Cyp27a1~~ mice, the number of spots ranged from 3
to 10 per eye, with an average number of 5. When examined in cross
section, most small spots had a major disturbance, hyperreflective
whorl-like structure, in the outer plexiform layer (OPL) (Figure 1B)
and a minor disturbance in the RPE. However, in some spots, the
OPL was only slightly affected and the major abnormality was an
elevation of the RPE (Figure 1C), a pattern similar to that of clas-
sic choroidal NV on SD-OCT (39). In some spots, hyperreflective
disturbances occurred both in the RPE and in the outer layers of
the neural retina (Figure 1D). The majority of spots did not change
with age, although some grew in diameter, as observed in a repre-
sentative Cyp27a1~~ mouse (Figure 1, G and K). Of the 5 circled
lesions in this mouse, 2 subtended a larger retinal area and expand-
ed within the retina to affect the inner retinal layers. (Figure 1,
Hand L). By 12 months, 63% of Cyp27a1~/~ females (7/11) and 84%
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the inner nuclear layer/OPL
(INL/OPL) interface (Figure 2B)
and the presence of small eosin-
positive round spheres in the
INL (Figure 2E). We concluded
that the small OPL lesions are
abnormally dilated blood vessels
(Figure 2, B-D), most of which
do not change with age, as indi-
cated by SD-OCT.

Histological examination of
a large lesion in a representa-
tive 11-month-old Cyp27a1~/-
mouse revealed formation of
an RCA involving blood vessels
between the INL and choroid
(Figure 2, F-J). The origin of
the RCA cannot be unequivo-
cally determined. Therefore,
we will describe this RCA as
starting from the inner retina,
although choroidal or simulta-
neous retinal and choroidal NV are also possible. The latter would
be consistent with our OCT data showing simultaneous distur-
bances in the OPL and RPE in all studied young Cyp27417/~ mice
(Figure 1, B-D). In any case, in large lesions, we detected cystic
spaces surrounding many nuclei within an edematous and vacu-
olated INL (Figure 2G). The OPL was disorganized and fibrotic,
and thickened fibrovascular material was noted between the RPE
and BrM (Figure 2G). This fibrovascular material seemed to dis-
place the reactive RPE into the region normally occupied by the
outer segment (OS) and inner segment (IS). Branches arising from
the blood vessels in the INL likely grew through the fibrotic OPL,
merged into a single vessel (Figure 2, H and J) at the outer nuclear
layer/IS (ONL/IS) region, which is normally avascular, and then
traversed the OS and RPE to form an RCA with the choriocapil-
laris. The presence of red blood cells (Figure 2J) in the lumen of
this blood vessel supports our interpretation of this structure as
a patent RCA. There are also signs of RPE cell migration adjacent
to this vessel in the ONL (Figure 2H), which may be a result of
higher (relative to the retina) choroidal blood flow displacing RPE
cells into the OPL. This local RPE detachment is not an artifact
of tissue processing and sectioning because similar detachments
are detected by volume cross-section reconstruction generated by
SD-OCT imaging of a live animal (Supplemental Video 1). In a dif-
ferent and older 14-month-old Cyp27a1~/- mouse, we noted similar
but more severe structural abnormalities (Supplemental Figure 2),
in which the INL edema was greater, vascularization extended to
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the inner plexiform layer (IPL), fibrosis in the OPL and RPE was
more pronounced, the RPE displacement was more substantial,
and the RCA affected a greater area of the RPE.

SD-OCT imaging and H&E staining demonstrated that the
retinal lesions occupy a small retinal area. Consistent with this,
electroretinography (ERG) measurements were mostly similar in
Cyp27a17/- and WT mice (Supplemental Figure 3), indicating gen-
erally normal overall retinal function.

Retinal vasculature and Miiller cells. Abnormal retinal vascular-
ization was further confirmed by staining with isolectin B4, a
marker of endothelial cells lining blood vessels (40). A fluorescent
signal was observed where blood vessels are normally present —
in the ganglion cell layer (GCL), IPL, INL, OPL, and choroid of
Cyp27al7-and WT (Figure 3, C and G) mice. The overall intensity
of the signal was much higher in the GCL of Cyp2741~- than in
WT retina, probably reflecting blood vessel dilation (Figure 3C).
Isolectin B4 also labeled the Cyp2741~/~ outer retina, which is nor-
mally avascular (Figure 3C). When compared against the adjacent
H&E-stained section (Figure 3A) and examined at higher magni-
fication (Figure 3, D and H), this labeling was seen to correspond
to an RCA between the choroidal and retinal vasculature. Staining
with a different blood vessel marker, tomato lectin, and of differ-
ent Cyp27a1~/~ mice also revealed abnormal retinal vascularization
(Figure 4). In this example, the RCA spans the retina from the cho-
roid to the retinal blood supply located in the GCL (Figure 4).

We examined Miiller cells, the predominant glial cell type of the
retina, as they are reported to play arole in NV (41, 42). We labeled
Miiller cells with glutamine synthase (GS) and glial fibrillary acidic
protein (GFAP). GS is expressed constitutively in Miiller cells (43),
whereas GFAP is an intermediate filament protein upregulated
in Miiller cells in response to hypoxia, injury, and photoreceptor
degeneration (44). Staining for GFAP was also reported in the RPE
cells of patients with AMD (45). Anti-GFAP immunoreactivity was
very low in the WT retina (Figure 4L), but was elevated in Cyp27a1-/~
animals in lesion areas (Figure 4D) and elsewhere (Figure 4G),
indicating general activation of Miiller cells throughout the
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Focal choroidal NV in Cyp27a1--
mice. Panels are representative of
stainings carried out on adjacent
sections cut through pathologies in
Cyp27a1-- mice (A-D, and H) or
through a corresponding region in
Cyp27a1++ mice (E-G). (A, D, and
E) H&E staining. (C, G, and H) Stain-
ing with isolectin B4, a marker for
blood vessels, conjugated to DyLight
594 fluorophore (in red); nuclei were
stained with DAPI (in blue). D and
H are enlarged areas of A and C,
respectively. B and F are control sec-
tions with isolectin B4 omitted. Yellow
arrows (C) indicate blood vessels in
the GCL. Scale bars: 30 um. Original
magnification, x400.

Cyp27al~~ retina. In both regions, GFAP activation was seen in the
GCL. In the lesion area, GFAP activation was also observed along
the RCA (in the INL, OPL, ONL, and RPE cells). In addition to
Miiller cell activation throughout the retina in Cyp27a417~ mice,
Miiller cell bodies were also disorganized and gliotic, as indicated
by immunolabeling with anti-GS (Figure 4, E and H).

For in vivo assessments, we used FA, in which intraperitoneal
injection of a live animal with sodium fluorescein is followed by
acquisition of fundus images by scanning laser ophthalmoscope.
Representative images from 2 Cyp27a1~/~ animals are shown to
illustrate the abnormalities noted on FA (Figure 5). Figure 5B is
an image focused on the GCL and taken 1 minute after injection. A
bright spot (Figure 5B) corresponding to alesion on SD-OCT (Fig-
ure 5C) and having indistinct margins is apparent, suggestive of
increased vascular permeability. In this mouse, fluorescein leakage
was not detected in retinal layers below the OPL, indicating either
that the RCA is not yet formed in this lesion or that there is no
blood flow through this area due to reactive fibrosis. The pathol-
ogy also seems to affect the neighboring blood vessel, causing its
attenuation and beading (Figure 5B). Similar changes were never
seen in WT animals (Figure 5A). In the second Cyp2741~/~ animal,
a hyperfluorescent spot was observed when the instrument was
focused on the INL or the RPE 5 minutes after injection (Figure 5,
D and E). The location of this hyperfluorescent spot matched a
lesion detected by SD-OCT (Figure SF). The appearance of this late
focal hyperfluorescence in the INL and RPE layers, with indistinct
margins, suggests the formation of RCA in this lesion accompa-
nied by increased vascular permeability (46). In the 2 animals, the
location of the lesions varied relative to the inner retinal vascula-
ture. In one case (Figure 5B), it was near the major blood vessel,
whereas in the other (Figure 5, D and E), it was near a branch of a
blood vessel. The relationship between the location of these lesions
relative to blood vessels remains to be established.

We examined retinal circulation of Cyp2741~/~ mice using Dop-
pler flow of SD-OCT, which color codes direction and velocity
of blood flow (Figure 6E). In the healthy vasculature of WT reti-
Number 8 3015
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Focal intraretinal NV and Mdller cell activation in Cyp27a1-- mice. Panels are representative of stainings carried out on adjacent retinal sections in
Cyp27a1--mice (A—H) or through corresponding regions in Cyp27a7++ mice (I-M). (A and I) H&E staining. (C, F, and K) Stainings with a marker
for blood vessels, tomato lectin (in red), which is a less specific blood-vessel marker than isolectin B4, binding to photoreceptors. (D, G, and L)
Localization of GFAP, a marker of activated Mller cells (in yellow). (E, H, and M) Localization of GS expressed constitutively in Mdller cells (in green).
(B and J) Negative control sections treated with serum from nonimmunized animal. For fluorescent images, nuclei were stained with DAPI (in blue),
and immunoreactivity/lectin binding was detected by DyLight 649—conjugated (in yellow), DyLight 549—conjugated (in red), and DyLight 488—conju-
gated (in green) fluorophores. Light blue arrows (C) indicate retinal blood vessels in different retinal layers; white arrow (D) indicates increased GFAP
staining in the OPL and ONL in the area of pathology; gold arrows (E and H) indicate disorganized Miiller cell bodies in Cyp27a1-- specimen; and
pink arrows (M) indicate proper organization of Mdiller cell bodies in Cyp27a1++ specimen. Scale bars: 30 um. Original magnification, x400.

na, there was a mixed distribution of bright red and blue pixels,
and the retinal and choroidal circulations were clearly separated
(Figure 6D). In the Cyp27al~~ animal, there was only 1 color,
pale blue, in the lesion area (but not in the areas distal from the
lesions), and the separation between the retinal and choroidal cir-
culations broke down (Figure 6D) due to the presence of blood
flow into the normally avascular ONL. Thus, Doppler flow of
SD-OCT confirms that the RCAs observed in Cyp2741~/~ retinas
by histology and FA are patent.

Hypoxia. Abnormal blood vessels may form secondary to impaired
oxygenation or hypoxia (47). To investigate these, we used 2 differ-
ent markers. Pimonidazole (Supplemental Figure 4) is an azole-con-
taining small molecule and a sensor of absolute oxygen tensions.
It is administered to live animals and binds to thiol-containing
proteins in tissues with low, less than 14 mm Hg, oxygen tensions
(48). In contrast, HIF-1A is a protein and transcription factor and a
sensor of abnormal oxygen tensions (49, 50). The threshold oxygen
tension for HIF-1A activation varies depending on cell type and is
sometimes greater than 14 mmHg. If so, hypoxia is not detected by
pimonidazole binding (50). Because of this and other differences,
antipimonidazole and anti-HIF-1A stainings may not always colo-
calize (50-52). As compared with the WT retina (Figure 7E), antipi-
monidazole staining was increased in the IS and RPE in Cyp27a1~~
animals throughout the retina (Figure 7, C and D). Staining for
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HIF-1Awasalso increased throughout the Cyp27a1~/~ retinas (Figure 7,
H and I) and was particularly intense in the choroid near the RCA
(Figure 7H). Thus, staining with pimonidazole and HIF-1A docu-
ments lowered oxygen tensions and generalized retinal hypoxia in
the Cyp27a1~- retina. While detectable, the level of hypoxia was not
sufficient to impact overall retinal function, as ERGs of Cyp27a1~~
mice were generally normal (Supplemental Figure 3).

Lipid distribution. We used 2 lipid stains, oil red O, and filipin. Oil
red O binds mainly to neutral lipids as well as fatty acids, whereas
filipin interacts with sterols containing a free 3p-hydroxyl group
including unesterified cholesterol (UC) (53). Esterified cholesterol
can also be detected by filipin, but requires additional specimen
extraction with ethanol and treatment with cholesterol esterase
(54). In both Cyp27a17/- and WT animals, faint oil red O stain-
ing was present in all retinal layers (Figure 8, B, D, H, and J). In
Cyp27al~/~ mice, however, more intense staining was seen in
regions of disrupted RPE (Figure 8B). Analysis of the same section
with isolectin B4 (Figure 8C) shows that this spot colocalizes with
an RCA (Figure 8D), indicating that the abnormal blood vessels in
Cyp27al~/~ retinas contain significant lipid deposits. None of these
changes were observed in WT retina (Figure 8, G-J).

The overall distribution of filipin staining was similar in
Cyp27al7/~ and WT animals, except in the areas of pathology.
The fluorescent signal was present between the basal aspect of
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Figure 5

Leakage of blood vessels in the area of pathology in Cyp27a7--mice. Repre-
sentative FA (55° field of view) in Cyp27a1++ (A) and Cyp27a1-- mice (B, D,
and E). SD-OCT fundus images (50° field of view) of Cyp27a1-- animals (C
and F) are also shown. Yellow and light blue arrows point to the areas of dye
leakage (B, D, and E) and the corresponding hyperreflective spots in OCT
fundus images (C and F); arrows of the same color indicate the same animal;
pink arrow points to blood vessel tortuosity and beading. pi, post injection.

the RPE and BrM in Cyp27al~/~ retinas (Figure 8, E and F) but
not WT retinas (Figure 8, K and L) and was similar to that of
soft drusen and basal linear deposits in AMD (54, 55). In con-
trast with humans, however, esterified cholesterol (EC) was not
detected either in Cyp27a1~/~ or WT retinas in the RPE-BrM
region (data not shown).

Content of cholesterol and other sterols. We evaluated the lipid profiles
of male and female retinas separately because mice are known to
have sex differences in lipid and biliary homeostasis (56), and sex
differences have also been observed in Cyp2741~/~ animals (37, 38).
The basis of the sex difference in WT and Cyp27a1~/~ mice is, how-
ever, not known. We examined a total of 10 sterols (Figure 9 and
Supplemental Figure 5): cholesterol; 4 cholesterol precursors in
the pathway of cholesterol biosynthesis (lanosterol, lathosterol,
desmosterol, and zymosterol); 5 metabolites of cholesterol pro-
duced enzymatically (24-hydroxycholesterol, 27-hydroxycholester-
ol, 5-cholestenoic acid, and pregnenolone); and 1 metabolite gen-
erated nonenzymatically (7-ketocholesterol). Cyp27a17/~ mice had
sex-dependent sterol-specific elevations in retinal sterol content as
compared with WT animals. The levels of cholesterol, desmosterol,
and 24-hydroxycholesterol were increased in at least 1 sex, whereas
the concentrations of the 2 biosynthetic intermediates (lanoster-
ol and lathosterol) and 2 cholesterol metabolites (pregnenolone
and 7-ketocholesterol) were increased in both sexes. Three sterols
(zymosterol, 27-hydroxycholesterol, and 5-cholestenoic acid) were
below the limits of detection (<0.5 pmol/mg protein). Low steady-
state levels of CYP27A1 metabolites 27-hydroxycholesterol and
5-cholestenoic acid in WT mice were consistent with a previous
study detecting only subpicomolar amounts of 27-hydroxycholes-
terol in mouse retina (57). These levels are much lower than those
in humans (28), possibly because of a much shorter death-to-tis-
sue preservation time (<1 hour for mouse retinas and ~12 hours
for human retinas) preventing sterol accumulation due to arrested
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not human retina that act on these products, also reducing
the steady-state levels of CYP27A1 metabolites in mice.

Discussion
The major findings of the present study are that Cyp2741/~
mice have dysregulated retinal cholesterol homeostasis lead-
ing to focal depositions containing cholesterol along BrM and
the development of RCAs in the lesion areas. The presence of
an abnormal vascular process was implicated by fundus char-
acterization via SD-OCT (Figure 1) and then confirmed histo-
logically by stainings with H&E and markers for blood vessels
(Figures 2-4). FA and Doppler flow of SD-OCT demonstrated
blood vessel patency in vivo and revealed that the permeability
of the blood vessels is increased in the areas of pathology (Fig-
ure 5) and that these areas have altered direction of blood flow
and possibly reduced blood flow velocity (Figure 6). Stainings
for pimonidazole and HIF-1A (Figure 7) enabled detection of
decreased oxygen tensions and hypoxia in Cyp27al~/" retina,
whereas increased anti-GFAP staining suggested activation of
Miiller cells (Figure 4). Loss of CYP27A1 led to alteration of the
retinal sterol profile (Figure 9) and slight increase in choles-
terol levels either in the form of a trend in female mice oras a
1.4-fold statistically significant increase in male mice (Figure 9).
Based on the data obtained, we propose a cascade of events
initiated by loss of CYP27A1 (Figure 10). This cascade is puta-
tive, and alternate sequences may not be excluded.
CYP27A1 deficiency affects retinal cholesterol maintenance,
which normally represents a balance between the input and out-
put pathways: local biosynthesis and uptake from systemic circula-
tion (23, 58-61) and elimination via lipoproteins and catabolism
(10, 28, 62-65). In Cyp27al~/~ retina, cholesterol biosynthesis is
increased, as indicated by increased levels of lathosterol (Figure 9),
a marker of cholesterol biosynthesis (66), consistent with the
knowledge that lack of CYP27A1 not only affects cholesterol bio-
synthesis in the liver but also in other organs, including the brain
(35, 38). Upregulation of cholesterol biosynthesis in Cyp27al~/~ ret-
inas is, however, paradoxical when this response is compared with
the response of the brain to abrogation of its major pathway of cho-
lesterol removal. Loss of Cyp46al, controlling this pathway, was
shown to lead to a compensatory reduction of cerebral cholesterol
biosynthesis and unaltered levels of cerebral cholesterol (67, 68).
In contrast, in the retina lacking CYP27A1, the principal retinal
cholesterol hydroxylase, the response is opposite and cholesterol
levels are increased up to 40% in males, indicating dysregulated
retinal cholesterol maintenance. Experiments are in progress to
determine whether this increase is due to a lack of hydroxylation of
cholesterol precursors by CYP27A1. Our studies show that in vitro
lanosterol, desmosterol, and other biosynthetic intermediates of
cholesterol are efficiently metabolized by purified CYP27A1 (69).
Altered retinal cholesterol biosynthesis in Cyp27a1~~ mice is
compensated for in part by the CYP11Al-mediated increase in
cholesterol catabolism to pregnenolone (Figure 9), a precursor
of all steroid hormones. CYP11A1 resides along with CYP27A1 in
the mitochondria of cells in the GCL and INL (70-72) and likely
competes with CYP27A1 for utilization of cholesterol (73). Retinal
levels of 7-ketocholesterol, a product of nonenzymatic cholesterol
oxidation, are also increased in Cyp27417~ retina, suggesting that
7-ketocholesterol is metabolized, at least in part, by CYP27A1, in
agreement with our previous studies (74). 7-Ketocholesterol is of
Volume 122 Number 8
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interest because this toxic oxysterol is implicated in the pathogen-
esis of AMD (75). Cyp27al~/- mice may also have changes in retinal
cholesterol elimination via lipoproteins and cholesterol uptake
from systemic circulation. These pathways were not investigated
here but are probably affected because a significant increase in reti-
nal cholesterol biosynthesis in Cyp27a1~~ mice is accompanied by
only a small increase in retinal cholesterol.

Although cholesterol increase is small in Cyp27a1~/- retinas, it
nevertheless likely leads to focal depositions containing choles-
terol along BrM (Figure 8). These deposits are observed in the
areas of abnormal vascularization and thus support a model
for AMD wherein lipid lesions in BrM elicit choroidal NV (10,
62, 76). In addition to choroidal NV, Cyp2741~/~ mice may also
have vascular processes in the retina that could be explained by
an increase in retinal cholesterol biosynthesis, a highly oxygen-
and energy-consuming process requiring 11 and 18 moles of O,
and ATP, respectively, to generate 1 mole of cholesterol (77, 78).
An increase in retinal cholesterol biosynthesis in Cyp2741~/~ mice
may also explain retinal hypoxia and predict an overall decline in
metabolic activity, a topic that we are currently exploring. In this
event, hypoxia and/or other retinal insults may be responsible for
Miiller cell activation and may trigger retinal NV. This scheme
would be consistent with the knowledge that GFAP staining is
only barely detectable in normal mammalian retinas (79, 80) but
is significant in AMD-affected human retinas (81). Involvement
of cholesterol biosynthesis would also be consistent with the
higher frequency of pathologies in Cyp27a41~/~ males than females,
as males had a greater elevation in the rate of cholesterol biosyn-
thesis (2.6-fold in males vs 1.7-fold in females; Figure 9). Vascular
processes in the retina and choroid of Cyp27417~ mice ultimately
lead to RCA. Thus, by analysis of Cyp27a1~/~ mice as a model for
studies of the putative link between cholesterol and AMD, we
obtained data supporting this link as well as mechanistic insights
into the processes underlying this link.

The formation of RCAs was first reported in mice lacking the
receptor for very low-density lipoprotein (VLDLR) (82). In these
animals, abnormal blood vessels originate from the deep capillary

3018 The Journal of Clinical Investigation

http://www.jci.org

Figure 6

Doppler flow of SD-OCT shows RCA
and also reveals altered direction of
blood flow. (A and C) Representative
OCT fundus depth images (50° field
of view) at the OPL in Cyp27a1--and
Cyp27a1++ mice, respectively. (B and
D) Doppler flow of SD-OCT cross sec-
tion through pathology in A (indicated
by green arrow) and the matching
area in Cyp27ai1++ retina in C (indi-
cated by orange line). Red and blue
colored pixels correspond to direction
and relative magnitude of the vector
component of blood flow perpendicu-
lar to the plane of the scan (V¢ in E).
Areas with no flow are transparent
and show the underlying SD-OCT
imaging data. Scale bars: 300 um (A
and C); 60 um (B and D).

Blood flow away
from reader

bed of the retina and extend unidirectionally toward the RPE. In
contrast, in Cyp27al~~ mice, NV seems to occur in both the retina
and choroid. The retinal phenotype of VIdlr~- mice is also more
severe than that of Cyp27a1~~ animals, with a greater incidence
of RCA and FA leakage as well as photoreceptor degeneration
and reduced ERG amplitudes (82-84). In Cyp27a1~/~ mice, focal
photoreceptor degeneration occurred only in areas of RCA forma-
tion, and the retina otherwise retained a normal appearance and
function (Supplemental Figure 3). Different manifestations of
RAP in Vldlr/~ and Cyp27a1~~ mice suggest different variants of
the vasogenic process. Focal retinal proliferation and progression
is observed in retinas lacking VLDLR, while focal retinal prolif-
eration with preexisting or simultaneous choroidal proliferation
is probably seen in mice lacking CYP27A1 (Figure 1, B-D). The
availability of VIdlr~~ mice allows the angiogenic sequences to be
carefully studied and experimental treatments evaluated (84-88).
Despite these advances, our opportunities to study focal retinal
proliferation with preexisting or simultaneous choroidal prolif-
eration are currently limited. We suggest that Cyp2741~/~ mice
will be useful in characterizing this variant of RAP. Since stan-
dard rodent chow contains very little fat and cholesterol, as com-
pared with human diets, we are assessing whether a high-fat and
cholesterol-rich diet leads to a more severe retinal phenotype in
Cyp27al~~ mice. With respect to treatment strategies of RAP, they
may be variant specific. If so, the present work suggests that sys-
temic administration of a statin that penetrates the blood-retina
barrier and suppresses retinal cholesterol biosynthesis could also
suppress the progression of RAPs observed in Cyp27a1~7/~ mice.
The standard treatment for CTX is replacement therapy with che-
nodeoxycholic acid either alone or in combination with a statin.
These pharmacologic interventions are known to improve general
clinical symptoms, but it has not yet been studied whether they
improve ophthalmic manifestations of CTX.

VLDLR and CYP27A1 play different roles in lipid and cho-
lesterol metabolism. VLDLR is a receptor for the lipid trans-
porter, whereas CYP27A1 is a catabolic enzyme. Loss of either
protein leads to retinal NV and RAP formation, indicating that
Volume 122
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the triggering events overlap. One of them could be reduced
expression of VLDLR in Cyp27a1~/~ mice (Supplemental Figure
6). Indeed, studies in cell culture and mice show that the tran-
scription of VIdlr is induced by the farnesoid X receptor (FXR),
which is activated by bile acids (89). The pool of bile acids is
reduced in Cyp27a1~/~ mice (34, 37); therefore retinal expression
of VLDLR could be reduced as well. The caveat is that we do not
know whether the FXR-dependent mechanism is operative in
the retina, i.e., whether FXR and its mediating partner small het-
erodimer protein (SHP) are expressed and localized to the same
cell types that express VLDLR (90). Moreover, the expression of
FXR and SHP was not altered in the liver of Cyp27a41~/~ mice,
suggesting that the reduction in the bile acid pool was not suf-
ficient to affect the FXR-mediated regulation of the target genes
in this organ (37). In human and mouse cell cultures and mice,
protein levels of VLDLR are also sensitive to cellular content of
the E3 ubiquitin ligase inducible degrader of the low-density
lipoprotein receptor (IDOL), which induces degradation of
VLDLR (91). The transcription of IDOL is regulated by the liver
X receptor (LXR), activated in turn by a number of oxysterols,
including the CYP27A1 products 27-hydroxycholesterol and
5-cholestenoic acid (92, 93). Although the latter 2 are not
detected in mouse retina, in Cyp27a1~~ animals, there may be an
increase in the retinal concentrations of other Lxr ligands, such
as 24,25-epoxycholesterol and follicular fluid meiosis-activating
sterol, generated in the shunt and branch pathways of choles-
terol biosynthesis, respectively (92, 94). Increased concentra-
tion of these sterols would activate LXR and induce the degra-
dation of VLDLR via the LXR-mediated upregulation of IDOL.
A reduced expression of VLDLR is thus possible in Cyp27a1~/~
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Retinal hypoxia in Cyp27a1-- mice. Representative H&E
(A and F), anti-pimonidazole (in dark purple, C-E), and
anti-HIF1A stainings (in green, H-J) of Cyp27a1-- and
Cyp27a1++ mice. (B and G) Negative controls treated
with serum from nonimmunized animal. White arrows
(C and D) indicate increased staining intensity relative
to Cyp27a1++ (E), and gold arrows (H) indicate intense
staining in the blood vessel above BrM. For fluorescence
imaging, nuclei were stained with DAPI (in blue), and
immunoreactivity was detected by DyLight 649—conju-
gated fluorophore (in green). For pimonidazole adducts,
immunoreactivity was detected by the ImmPACT VIP
Peroxidase Substrate (in dark purple) and nuclei were
stained with methyl green. Scale bars: 30 um. Original
magnification, x400.

retina and could explain both RAP and the diminished severity
of symptoms in these mice as compared with Vldlr/~ mice. Yet
this hypothetical scenario requires experimental support. While
overlapping, etiologic factors for NV are probably not identical
in Vldlr~/= and Cyp27a1~~ mice; hence, their retinal phenotypes
represent distinct variants of RAP.

In summary, by performing a comprehensive ophthalmic char-
acterization of mice deficient in CYP27A1, a multifunctional
enzyme involved in metabolism of various lipids, we discovered
RCA putatively arising from simultaneous focal proliferations in
the choroid and retina. We also observed an increase in overall reti-
nal cholesterol biosynthesis and in the production of steroid hor-
mones; depositions containing cholesterol in the areas of patholo-
gy; and altered blood flow, hypoxia, and activation of Miiller cells.
We propose an explanation for how all these retinal abnormali-
ties relate to each other and are linked to dysregulated cholesterol
homeostasis. We also suggest that Cyp2741~~ mice can serve as a
model for studies of one of the variants of type 3 retinal NV and
thus expand our understanding of the mechanisms underlying
retinal NV and provide a means for evaluating therapeutic options
for the treatment of this abnormality. Collectively, our findings
indicate the importance of enzymatic cholesterol metabolism for
maintenance of retinal structure and function.

Methods
Animals. Cyp27al*/~ mice were obtained from the laboratory of Sandra Erick-
son (UCSF, San Francisco, California, USA) (37) and were used to breed
the Cyp27a17/~ and WT littermates studied here. Mice were maintained
on a standard 12-hour light/12-hour dark (with light less than 10 lux)
cycle and were fed standard rodent chow and water ad libicum.
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Figure 8

Lipid and cholesterol deposition beneath the RPE in Cyp27a1-- mice. Panels are representative of stainings carried out on adjacent sections
cut through pathologies in Cyp27a1-- mice (A—F) or through corresponding regions in Cyp27a7++ mice (G-L). (A and G) H&E staining. (B and
H) Localizations of neutral lipids with oil red O (in fuchsia). (C and I) Staining with blood-vessel marker isolectin B4 conjugated to DyLight 594
fluorophore (in yellow); nuclei were stained with DAPI (in blue). (D and J) Merger of B and C and H and |, respectively. White arrows (B—D) indicate
colocalized staining. (E and K) Detection of UC with filipin (in cyan); nuclei were stained with propidium iodide (in red). (F and L) Enlarged regions

of E and K, respectively. Scale bars: 30 um. Original magnification, x400.

SD-OCT. In vivo imaging of mouse retinas was carried out using 840HHP
SD-OCT (Bioptigen). Mice were anesthetized via intraperitoneal injection
of 80 mg/kg ketamine (Fort Dodge Animal Health) and 15 mg/kg xylazine
(Akorn Inc.) in PBS, pH 7.4, and pupils dilated with 1% tropicamide drops
(Bausch & Lomb). Mice were placed on a freely rotating cassette to align
the eye with the imaging probe. Lubricating drops (Tears Naturale II; Alcon
Laboratories Inc.) were instilled on both eyes to minimize corneal drying.
En face OCT fundus data were acquired with the following parameters:
1.6 mm x 1.6 mm scan area, 350 A-scans per B-scan, and 350 B-scans.
Fundus depth images were created after acquisition by aligning B-scans
in a horizontal direction and selecting the range of depth through the
retinal layers of interest. Cross-sectional images are averages of 40 B-scans
(1200 A-scans per B-scan). Labeling of the hyperreflective bands in the
outer retina was according to a previous study (95).

FA. Mice were anesthetized and eyes dilated as above. A 0.10-ml bolus
of 1.6% sodium fluorescein in PBS was injected intraperitoneally. Retina
monirtoring started 1 minute after injection and continued for 10 minutes.
Images were acquired every 2 minutes using a scanning laser ophthalmo-
scope (Spectralis HRA+OCT; Heidelberg Engineering) in the short-wave-
length autofluorescence mode.
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Specimen preparation for light microscopy. Following animal sacrifice, infe-
rior corneas were marked with tissue marker or burn mark to preserve
orientation after enucleation and during embedding. For cryosectioning,
eyes were enucleated and placed in 4% PFA for 3 hours and then trans-
ferred to 1% PFA and incubated overnight. These were then processed and
embedded in OCT medium (Tissue-Tek) and stored at -80°C until cut.
For paraffin sections, enucleated eyes were placed in 4% PFA for 18 hours
and then sequentially transferred to PBS and embedded. Sections (5-um
thick) were cut, deparaffinized, stained with hematoxylin (Gill’s Formula-
tion #2; Fisher Scientific) and eosin (alcoholic eosin Y; Fisher Scientific)
and viewed with an inverted microscope (DMI 6000 B; Leica Microsys-
tems) in the brightfield mode.

Immunobistochemistry. Frozen sections (S-uwm thick) were air-dried for
30 minutes, washed in cold acetone for 10 minutes, and then washed
several times with PBS. The sections were blocked with 5% goat serum
and 0.05% Tween 20 in PBS. Sections were incubated with primary anti-
bodies diluted in blocking buffer overnight at 4°C. Then the sections
were washed with PBS and incubated for 1 hour with secondary antibod-
ies diluted with blocking buffer. Slides were rinsed in PBS with 0.05%
Tween 20, then rinsed in distilled water and mounted with Prolong Gold
Volume 122
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Retinal sterol profile is altered in Cyp27a1-- mice. Open and dashed bars show concentrations of sterols in
WT and Cyp27a1-- animals, respectively; white bars, females (F) and gray bars, males (M). Retinas from
40 animals per group were pooled. 24-OH, 24S-hydroxycholesterol; 27-OH, 27-hydroxycholesterol; 27-COOH,
5-cholestenoic acid; 7-keto, 7-ketocholesterol. *P < 0.05, compared with age- and sex-matched WT littermates.

containing DAPI (Invitrogen) for nuclear staining and viewed using an
inverted fluorescence microscope. For paraffin sections, heat-induced
antigen retrieval in sodium citrate buffer, pH 6.0, was performed for
20 minutes prior to washes and incubation with primary antibody. The
dilutions of primary antibodies/lectins were 1:1,000 for rabbit anti-GS
(Abcam), 1:100 for rabbit anti-HIF-1A (Novus Biologicals), 1:4,000 for
chicken GFAP (Pierce), 1:100 for Lycopersicon esculentum tomato lectin
(Vector Laboratories), and 1:100 for Isolectin B4 (Vector Laborato-
ries). The secondary antibodies were goat anti-rabbit DyLight 649 and
DyLight 488 diluted 1:200 and goat anti-chicken DyLight 649 diluted
1:1,000 (Jackson Inc.).

Immunohistochemistry for hypoxia marker pimonidazole. Live mice were
injected intraperitoneally with 60 mg/kg pimonidazole hydrochloride
in PBS (Hypoxyprobe-1 Plus Kit; Chemicon International) and sac-
rificed 1 hour later. Eyes were enucleated and cryosectioned. Sections
were washed in PBS and then with 3% hydrogen peroxide in PBS for
5 minutes to quench endogenous peroxidase activity. Then sections were
blocked with 5% rabbit serum in PBS with 0.05% Tween 20 for 1 hour
(Sigma-Aldrich) and incubated with FITC-conjugated anti-pimonida-
zole primary antibody at 1:50 dilution (Chemicon International) over-
night at 4°C. Sections were washed 3 times with PBS and incubated
with horseradish peroxidase-conjugated rabbit anti-FITC secondary
antibody at 1:100 dilution, followed by 3 washes in PBS and incubation
with peroxidase substrate solution (ImmPACT VIP Peroxidase Substrate;

Effect on retinal cholesterol

Effect on various retinal

isopropanol) for 10 minutes, fol-
lowed by 3 washes in water. Slides
were mounted with Dako Glycergel
Aqueous Mounting Medium and
viewed on the inverted microscope
in the brightfield mode.

Histochemistry with filipin. Sections were removed from the freezer, equili-
brated to room temperature for 30 minutes, and washed with PBS 3 times
for 5 minutes. To detect UC, filipin III (Cayman Chemical), 0.083 mg/ml
in PBS prepared from a 3.3 mg/ml stock in DMSO, was applied to slides
for 1 hour in the dark. Slides were then rinsed 3 times with PBS and cov-
erslipped with Vectashield mounting medium containing propidium
iodide (Vector Laboratories Inc.). Detection of EC required 2 additional
steps prior to filipin treatment: extraction of UC with 70% ethanol for
10 minutes and hydrolysis of EC by cholesterol esterase (15 mg/ml in
0.1 M KP;, pH 7.2; Sigma-Aldrich) for 3.5 hours at 37°C followed by
the three 5-minute washes with PBS. Filipin fluorescence was excited at
340-380 nm and emission collected at 385-470 nm. The excitation and
emission wavelengths for the propidium iodide detection were 535 nm
and 615 nm, respectively.

Quantification of sterols in the retina. Retinas from 40 animals of the same sex
and genotype were pooled and analyzed in triplicate for sterol content by iso-
tope dilution gas chromatography-mass spectrometry as described (28, 74).
Only unesterified forms of sterols were quantified because pregnenolone
and 7-ketocholesterol significantly decompose during saponification. The
following ions (m/z) were monitored in the specific ion monitoring mode:
368 (cholesterol) and 375 ([?H7]cholesterol); 145 (24-hydroxycholesterol)
and 152 ([?H7|24-hydroxycholesterol); 417 (27-hydroxycholesterol) and 422
([?Hs]27-hydroxycholesterol); 388 (pregnenolone) and 392 ([*Ha|pregneno-
lone); 331 (cholenic acid) and 373 and 412 (5-cholestenoic acid); 458 (lathos-
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Figure 10

Mdiller cell activation

Putative cascade of events initiated by CYP27A1 deficiency in the retina. Events within columns may occur in parallel or in different order. Events
in gray type are putative and have not yet been confirmed experimentally. CHO, cholesterol.
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terol) and 462 ([?Hg]lathosterol; 393 (lanosterol) and 399 ([?H|lanosterol);
366 (desmosterol) and 372 ([?Hg]desmosterol); 456 zymosterol and 461
([?Hs|zymosterol), 472 (7-ketocholesterol) and 479 ([?Hy]7-ketocholesterol).

ERG. After overnight dark adaptation, mice were anesthetized and pupils
were dilated as mentioned above. A contact lens electrode was then placed
on each cornea and reference and ground electrodes were placed in the
scalp and tail, respectively. ERGs were recorded using Universal Testing and
Electrophysiological System UTAS E-3000 (LKC Technologies Inc.). White
light flash stimuli intensity ranged from -3.7 to 2.1 log cdss/m? From 3 to 5
responses were averaged at each stimulus level, and interstimulus levels were
atleast 10 seconds in duration and up to 1 minute for the highest flash stimu-
li. Photopic, cone-mediated ERGs were recorded in response to strobe stimuli
superimposed upon a steady background light (150 cd/m?) after 7 minutes of
light adaptation. The amplitude of the a-wave was measured at 7 msec after
flash presentation from the prestimulus baseline. The b-wave amplitude was
measured from the a-wave minimum to the b-wave maximum.

Statistics. All data represent mean + SD. A 2-tailed, unpaired Student’s ¢
test was used to determine statistical significance in sterol quantification
experiments, and one-way ANOVA (SAS Institute Inc.) was used to analyze
the ERG data. In all statistical analyses, P values of less than 0.05 were
considered significant.

Study approval. All animal procedures were approved by the Case West-
ern Reserve University Institutional Animal Care and Use Committee
and conformed to recommendations of the American Veterinary Asso-
ciation Panel on Euthanasia and the Association for Research in Vision
and Ophthalmology.
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