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thematic review

Thematic Review Series: Lipids and Lipid Metabolism in the Eye
The ins and outs of cholesterol in the vertebrate retina

Steven J. Fliesler"*' and Lionel Bretillon®

Research Service, Veterans Administration Western New York Healthcare System,* and Departments of
Ophthalmology and Biochemistry,Jr University at Buffalo, The State University of New York, Buffalo, NY;
and Eye and Nutrition Research Group,§ CSGA, UMR 1324 INRA, 6265 CNRS, University of Burgundy,

Dijon, France

Abstract The vertebrate retina has multiple demands for
utilization of cholesterol and must meet those demands ei-
ther by synthesizing its own supply of cholesterol or by
importing cholesterol from extraretinal sources, or both.
Unlike the blood-brain barrier, the blood-retina barrier
allows uptake of cholesterol from the circulation via a
lipoprotein-based /receptor-mediated mechanism. Under
normal conditions, cholesterol homeostasis is tightly regu-
lated; also, cholesterol exists in the neural retina overwhelm-
ingly in unesterified form, and sterol intermediates are
present in minimal to negligible quantities. However, under
certain pathological conditions, either due to an inborn er-
ror in cholesterol biosynthesis or as a consequence of expo-
sure to selective inhibitors of enzymes in the cholesterol
pathway, the ratio of sterol intermediates to cholesterol in
the retina can rise dramatically and persist, in some cases
resulting in progressive degeneration that significantly com-
promises the structure and function of the retina.ll Al-
though the relative contributions of de novo synthesis versus
extraretinal uptake are not yet known, herein we review
what is known about these processes and the dynamics of
cholesterol in the vertebrate retina and indicate some fu-
ture avenues of research in this area.—Fliesler, S. J., and L.
Bretillon. The ins and outs of cholesterol in the vertebrate
retina. J. Lipid Res. 2010. 51: 3399-3413.

Supplementary key words cholesterol/biosynthesis ® eye/retina
Smith-Lemli-Opitz syndrome

The mature vertebrate retina is a highly stratified, mul-
ticellular tissue classically described as consisting of six
fundamental neuronal cell types (photoreceptor, bipolar,
ganglion, horizontal, amacrine, and interplexiform cells)
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plus glial cells (Miller cells, astrocytes, and microglia).
[For an excellent overview of retinal structure and cyto-
architecture, see (1) and http://webvision.med.utah.
edu/]. The neuronal cells are distributed into discrete
histological layers in the fully differentiated retina (Fig. 1),
with the ganglion cell layer arranged proximal to the vit-
reous and the photoreceptor cells (rods and cones) resid-
ingatthe opposite side of the neural retina, justunderneath
the retinal pigment epithelium (RPE) layer. The RPE is a
monolayer of polarized epithelial cells that serves as the
interface between the neural retina and the choroid, the
blood supply to the outer cell layers of the retina. The api-
cal tips of the photoreceptor outer segments (OS) are ad-
jacent to and invaginate into the apical face of the RPE
(one of the few examples of apical-apical cellular contact
in the body) (Fig. 1C). Bruch’s membrane (BrM; Fig. 1B,
C) is not a membrane, per se, but rather a pentalaminar
structure that consists of the basement membranes of the
RPE cells and the endothelial cells of the choriocapillaris
(Fig. 1C), plus the extracellular matrix that fills the space
between these two membranes [reviewed in (2, 3)].

The relatively modest compendium of cell types men-
tioned above, however, belies the amazing, higher order
complexity of this sensory tissue. It has been estimated
that there are actually about 55 anatomically distinct neu-
ronal cell types in the adult mammalian retina, of which
about 22 have been thoroughly characterized with regard
to their fine structure and functional repertoire [reviewed
in (4)]. For example, photoreceptors consist of both rods
and cones, with cones being subdivided into two (three in
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Fig. 1. Histology and ultrastructure of the vertebrate retina. A: Light microscopic view of an adult rat ret-
ina (paraffin embedment, hematoxylin/eosin stain) illustrating the histological layers of the retina and the
anatomical relationships between the neural retina, the RPE, and the choroid (Chor). Arrows (=) indicate
blood vessels (filled with red-stained blood cells) in the choroid and in the inner retinal layers. B: Schematic
illustration depicting the location of BrM in relation to the choroid, RPE, and neural retina elements. C:
Electron micrograph illustrating key ultrastructural features of the photoreceptor-RPE interface and cho-
roid. Note the invagination of photoreceptor outer segment (OS) tips into the apical villi (av) of the RPE, the
basal infoldings (BI) of the RPE plasma membrane proximal to BrM, the numerous melanin granules (m)
filling the RPE cytoplasm, and the presence of a large red blood cell (RBC) adjacent to a choroidal capillary
endothelial cell (EC). ILM, inner limiting membrane; IPL, inner plexiform layer; IS, inner segment; N,
nucleus; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; Vitr, vitreous.

primates) spectral types according to their wavelength
maxima. There are 10 different types of bipolar cells, includ-
ing both ON and OFF subclasses that serve either rod- or
cone-driven circuits. There are >20 types of amacrine cells
and at least 10 distinct subtypes of ganglion cells. Each of
these cell types contains membrane-bound intracellular
compartments as well as a plasma membrane plus (for neu-
rons) a dynamic population of synaptic vesicles that is ac-
tively engaged in neurotransmitter release. In addition, the
photoreceptor cells engage each day in a rhythmic process
of synthesis and turnover of their outer segment mem-
branes: in mammals, approximately 10% of the membrane
mass of the photoreceptor outer segment is turned over
each day via shedding of packets of so-called “disk” mem-
branes at the distal tip (proximal to the RPE), with a com-
pensatory amount of new membranes being added at the
base of the outer segment (proximal to the inner segment
of the cell) [reviewed in (5, 6)]. In the retina of Xenopus lae-
vis, the African clawed frog (a favored species for studies of
photoreceptor membrane renewal and intracellular mem-
brane trafficking), this equates to an estimated 4,500 qu of
disk membrane surface area per day per rod cell (6). Hence,
the demands on the retina for cholesterol to achieve and
maintain normal structure and function are prodigious.

A number of questions immediately come to mind:
Where does the retina get its supply of cholesterol (e.g.,
what are the relative contributions of de novo synthesis vs.
uptake from extraretinal sources)? What cell types synthe-
size cholesterol in the retina? How is cholesterol homeo-
stasis in the retina maintained? Is cholesterol required for
normal retinal development or to achieve and maintain
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the normal structure and function of the retina? Herein,
we will review what is known about both the “supply side”
as well as the turnover and export of cholesterol in the
retina and identify remaining deficiencies in our knowl-
edge in this area. To address the question of whether or
not the retina requires cholesterol, per se, for achieving
and maintaining normal retinal structure and function,
we will focus on cholesterol biosynthesis defects, particu-
larly studies that have employed an animal model of the
Smith-Lemli-Opitz syndrome (SLOS). Finally, we will close
with a perspective of future avenues of research in this field.
Throughout this review, because there are both parallels as
well as distinct differences between the brain and the ret-
ina [both of which are integral parts of the central nervous
system (CNS) ], we will compare and contrast these tissues
with regard to various aspects of cholesterol biology.

SOME INITIAL CONSIDERATIONS

Unesterified (free) cholesterol is the predominant form
of cholesterol in the CNS, of which the retina is a part. The
brain has the highest cholesterol content (~14 mg/g wet
weight) of all organs in the body compared with only ~2-3
mg/g in most tissues (7, 8), including the neural retina
and RPE (9). When compared with the major cholestero-
genic tissues (i.e., liver and intestine), the rate of choles-
terol synthesis in the mature brain and retina is relatively
slow (10, 11). Despite this, however, essentially all of the
cholesterol in the brain is derived from endogenous de
novo synthesis, most of which is utilized to support the
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production of myelin (8). In contrast, the neural retina of
most vertebrate species is not myelinated. The need of the
brain to synthesize cholesterol endogenously is driven, at
least in part, by the fact that the blood-brain barrier differ-
entially excludes the entry of exogenous cholesterol (e.g.,
as carried by blood-borne lipoproteins) (7, 8). The retina,
however, is different; recent studies using the naturally
fluorescent cholesterol analog cholestatrienol [cholesta-
5,7,9(11)-trien-33-0l] have shown that sterols can readily
pass from blood-borne lipoproteins into the RPE and
all layers of the neural retina (12). Also, feeding rats a
high-cholesterol diet when their endogenous cholesterol
biosynthetic capacity has been pharmacologically compro-
mised can dramatically alter the steady-state cholesterol con-
tent of the retina (13) (discussed below). Hence, although a
blood-retina barrier does exist anatomically (14, 15), it does
not exclude extraretinal cholesterol from entering the retina.
The slow de novo synthesis rate of cholesterol in the brain is
nearly balanced by the rather long halflife of cholesterol
(approximately 4-6 months) (16, 17). In contrast, the turn-
over time for cholesterol in the neural retina is comparatively
short. From the results of a recent study (12) that evaluated
the uptake dynamics of intravenously injected, deuterium-la-
beled LDL cholesterol particles by the rat retina, an estimate
of retinal cholesterol turnover in the range of 6-7 days
was obtained, assuming a linear process. In another study
(S. J. Fliesler, unpublished observations), based upon mea-
surements of retinal cholesterol specific activity as a function
of time following intravitreal [3H]acetate injection, the half-
time for turnover of de novo synthesized cholesterol in the
rat retina was estimated to be 17-18 days, which is compara-
ble to the turnover time measured for the major phospho-
lipid classes in the retina (18, 19).

CHOLESTEROL IN THE RETINA: CONTENT
AND DISTRIBUTION

In the neural retina, similar to the brain, cholesterol ex-
ists almost exclusively in the unesterified form (19, 20). In
a detailed analysis of the sterol composition of bovine neu-
ral retina and rod outer segment (ROS) membranes de-
rived therefrom, Fliesler and Schroepfer (21) reported
that cholesterol accounts for at least 98% of the total ste-
rols of whole retina and >99% of the total sterols of ROS
membranes. Hence, the presence of appreciable steady-
state levels of biogenic sterol precursors of cholesterol in
the retina is vanishingly small. Cholesterol accounts for
~2%, by weight, of the retina and ROS membranes or
~10 mol% of the total lipid in ROS membranes (19, 21).
Other neutral lipids, such as triglycerides, are extremely
minimal if not completely absent in the retina (19, 20). In
contrast, the RPE and it closely adherent neighboring
anatomical elements, BrM and choroid (which are often
harvested together for biochemical analyses), are notably
different, with the proportion of cholesteryl esters (CE)
exceeding that of free cholesterol (20). [For a more exten-
sive discussion of sterols and steryl ester components of

the RPE, BrM, and choroid, see recent reviews in this
thematic series by Curcio et al. (22) and Rodriguez and
Larrayoz (23).] As indicated above, contrary to the brain
and with the exception of the optic nerve, neurons from
the neural retina are not myelinated. Cholesterol appears
to be broadly distributed in all layers of the neural retina
(24), although the inner plexiform layer is found to be rela-
tively enriched in cholesterol compared with the outer seg-
mentlayer (25-28). However, in the outer segments of retinal
rod photoreceptors, a gradient of cholesterol exists, with
more cholesterol being present at the base (proximal to the
inner segment) of the ROS than at the distal tip (proximal to
the RPE) (27, 29, 30). When normalized to total phospho-
lipid content, the cholesterol content from base to tip of the
ROS can vary by nearly 6-fold. The ROS consists of a stack of
so-called disk membranes that are assembled at the base of
the outer segment and shed at the distal tip (5, 6). The outer
segment houses the components of the phototransduction
cascade, which converts the energy of photons (absorbed by
the visual pigment, rhodopsin) into an electrochemical sig-
nal in the first steps of the visual process. A high-cholesterol
environment, such as that present in the basal disks, has been
found to reduce the efficiency of the phototransduction cas-
cade by hindering activation of rhodopsin and impairing the
cyclic nucleotide phosphodiesterase activity that hydrolyzes
c¢GMP [for a comprehensive review on the role of cholesterol
in ROS membranes, see (30)].

DE NOVO SYNTHESIS OF CHOLESTEROL
IN THE RETINA

The history of studies aimed at elucidating the biosyn-
thesis of cholesterol and related isoprenoid molecules in
the vertebrate retina has been reviewed previously by
Fliesler and Keller (31). Early attempts to examine the de
novo synthesis of cholesterol and related isoprenoid mole-
cules in the retina employed either short-term bovine reti-
nal explants (32) or cell-free homogenates (the 10,000 g
supernatant fraction) prepared therefrom (33), using
[SH]mevalonate as a radiolabeled precursor. Although
these studies demonstrated that the mammalian retina has
the capacity to synthesize a range of isoprenoid products,
including cholesterol and its biogenic precursors, the syn-
thesis of cholesterol, per se, was minimal. Instead, squa-
lene and various sterol biogenic precursors of cholesterol
were the most abundant radiolabeled products observed.
Subsequently, related studies were performed using frog
(Rana pipiens) retinal explant organ cultures, with both
[SH]acetate and, separately, [QH]water as radiolabeled
precursors (34). Again, radiolabeled squalene, rather than
cholesterol, was the dominant product detected. One un-
usual feature about the frog retina, however, that came
out in the course of these studies was that both the whole
retina and ROS membranes contain significant steady-
state levels of squalene. Hence, the unlabeled pool of
squalene acted like a “metabolic trap”, diluting out the ra-
diolabeled products derived via the mevalonate pathway.
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These latter experiments, using [SH]water, also allowed an
estimate of the absolute rate of de novo synthesis via the
isoprenoid pathway. When correlative in vivo studies were
performed (35), using intravitreal injection of either [EH]
mevalonate or [3H]acetate in frog eyes, similar results
were obtained; in fact, little radiolabeled cholesterol ap-
peared until a day or so postinjection. In total, the results
of these studies lead (in retrospect) to the erroneous con-
clusion that the retina has a very limited capacity to synthe-
size its own cholesterol.

Subsequently, in vivo experiments were performed us-
ing intravitreal injection of ["H]actetate in rats. In striking
contrast to the results described above, the radiolabeled
precursor was taken up and incorporated efficiently into
cholesterol within a few hours, with relatively minimal ac-
cumulation of radiolabeled intermediates (10). In those
same studies, it was demonstrated, using intravitreal [3H]
actetate as a radiolabeled precursor, that a single intravit-
real injection of lovastatin could quantitatively shut down
de novo cholesterol biosynthesis in the retina. Additional
experiments showed that when [3H]farnesol was intravit-
really injected in rat eyes, [SH] cholesterol and biogenically
related sterols were recovered from the retina (36). In that
same study, when the squalene epoxidase inhibitor, NB-
598, was coinjected with the radiolabeled precursor, not
only was formation of radiolabeled sterols blocked, but
squalene mass also accumulated in measurable amounts
in the retina (unlike in control rat retinas, which exhibit
no appreciable steady-state levels of squalene). These find-
ings demonstrated that the mammalian retina has the ca-
pacity to synthesize its own cholesterol de novo.

The question arises: Which cells in the retina are capa-
ble of synthesizing cholesterol de novo? One way to answer
this question is to ascertain which cells express the major
rate-limiting enzyme of the cholesterol biosynthetic path-
way, namely HMG-CoA reductase [reviewed in (37, 38)].
Using immunohistochemistry on frozen sections of rat
retina, one of us (S.J.F.) has demonstrated that Miiller
cells, rod inner segments, and RPE cells exhibit strong im-
munoreactivity against monospecific antibodies to HMG-
CoA reductase (39) (Fig. 2). Correlative in situ hybridization
studies (S.J. Fliesler, unpublished observations) have con-
firmed this result. These findings support the hypothesis
that (rod) photoreceptor cells, Mtuller cells, and RPE cells
have the capacity to synthesize isoprenoids, such as choles-
terol. However, none of the above evidence is adequate to
unambiguously determine whether or not de novo choles-
terol synthesis can account for the steady-state levels of
cholesterol found in the retina or whether de novo synthe-
sis is both necessary and sufficient to meet the multiple
needs of the retina for cholesterol.

UPTAKE AND INTRARETINAL EXCHANGE OF
CHOLESTEROL BY THE RETINA

The human diet provides approximately 400 mg of cho-
lesterol and the liver secretes about 1 g daily (40, 41). Ap-
proximately 50% of the cholesterol in the intestine is
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Fig. 2. Immunohistochemical localization of proteins in the rat
retina. A: HMG-CoA reductase. B: Cellular retinaldehyde-binding
protein, a Miller glia marker protein. C: Opsin, the apoprotein of
the rod cell visual pigment, rhodopsin. D: Negative control (preim-
mune primary serum). Arrowheads (B, C) indicate the radial label-
ing pattern typical of Miiller glial cells. Abbreviations as in Fig. 1.
Scale bars (all panels) = 25 wm. [Reproduced with permission from

(39).]

absorbed, while the remainder is excreted in feces (42,
43). Most dietary cholesterol exists in the free form; CE
accounts for only 10-15% of total dietary cholesterol in-
take. Only free cholesterol can be absorbed by enterocytes,
meaning that CE must be hydrolyzed to release free cho-
lesterol for absorption. Several cholesterol transporters
have been identified in the brush border of the entero-
cyte, including Niemann-Pick Cl-like 1, the ATP-binding
cassette transporters (ABC) G5 and ABCGS, and the “scav-
enger receptors” scavenger receptor B (SR-B) I and CD36
[reviewed in (44)]. After entering the enterocyte, choles-
terol is reesterified by acyl-CoA:cholesterol acyltransferases
and packed into chylomicrons. This pathway is important,
because 70-80% of cholesterol entering the lymphatic
duct as chylomicrons is esterified. Nevertheless, triacyl-
glycerols represent the predominant lipid class in chylo-
microns (Table 1), and their composition resembles the
dietary intake in fatty acids. Chylomicrons and VLDL both
have apolipoprotein (Apo) B as their main Apo [reviewed
in (45)]. ApoB is expressed in the liver as a full-length
form called ApoB100, whereas the enterocyte secretes
ApoB48, which is a truncated form representing 48% of
the N-terminal portion of ApoB100. Chylomicrons and
VLDL are rapidly metabolized in the circulation by lipases
and especially the plasma lipoprotein lipase that is bound
at the surface of capillary endothelial cells in many tissues
[reviewed in (46) ]. Hydrolysis of triacylglycerols is accom-
panied by the relative enrichment of the lipoproteins in
CE. Thus, CE account for the main class of lipids in LDL
(Table 1). VLDL, LDL, and HDL deliver their content to
the cells thanks to the recognition of the Apos by specific
receptors and nonspecific scavenger receptors present at
the external side of cell membranes [reviewed in (42)].
As mentioned in the introduction to this article, the
RPE is the cellular and metabolic interface between the
neural retina and the choroid (Fig. 1). Similar to most epi-
thelial cells, RPE cells exhibit a distinct polarity, having
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TABLE 1. Composition of the major plasma lipoproteins fractions [adapted from (149)] and LLPs purified
from RPE/choroid collected in humans (62,64)

Density

Lipoprotein Fraction Range (g/ml) Free Cholesterol CE Phospholipid Triacylglycerol Major Apo
% mass of lipids

Chylomicrons d<1.00 Traces 3 5 92 B48, C-II, C-III
VLDL d<1.006 7 16 17 60 B100, C-I, C-I1, C-I11, E
IDL 1.006<d<1.019 8 27 26 38
LDL 1.019<d<1.063 11 56 28 5 B100
HDL 1.063<d<1.21 7 36 53 4 AL, AL, A1V, B100, C-I, CIIL, D, E
VHDL 1.21<d<1.25 1 9 78 13
LLP d<1.24 23 32 33 3 A1, B48, B100

basolateral and apical surfaces [reviewed in (2, 3)]. The
RPE exhibits a three-dimensional network of tight junc-
tions along its basolateral sides that helps to maintain a
physical barrier that restricts the movement of water, small
organic and inorganic molecules, and larger cargo be-
tween the neurosensory retina and choroid. BrM forms an
interface between the basal surface of the RPE and the
choriocapillaris. The apical plasmalemma of the RPE con-
tains numerous villi (Fig. 1C), which extend into the sub-
retinal space; the tips of the photoreceptor outer segments
invaginate into and are enveloped by these apical villi.
This close anatomical association between the RPE and
photoreceptors is one of the factors that promotes the
ability of the RPE to, on the one hand, provide nutrients
and oxygen to the photoreceptor cells and, on the other
hand, eliminate metabolic wastes generated by the neural
retina, including those resulting from the shedding of
outer segments tips and their subsequent phagocytosis
and degradation by the RPE. The RPE cells express a vari-
ety of lipoprotein-specific and scavenger receptors: VLDL
receptor (47), LDL receptor (LDL-R) (12, 48, 49), and the
so-called scavenger receptors CD36 (48, 50-54), SR-BI,
and BII (50, 52, 55, 56). Interestingly, LDL-R was also lo-
calized to the endothelial cells of the choriocapillaris,
the photoreceptor inner segments, retinal ganglion cells,
and Muller cells (12). The LDL-R-related proteins, such as
LDL receptor-like protein (LRP-1), constitute a related
family of high-molecular weight apoE receptors of the
LDL-R family [reviewed in (57, 58)]. LRP-1 has been iden-
tified in retinal ganglion cells (59) and cells extending
from the inner to the outer limiting membranes in the
course of oxygen-induced retinal neovascularization (60).
These data somewhat unexpectedly suggest first that those
receptors may be involved in processes other than or in
addition to the recognition of lipoproteins. A variety of
specific roles for LRPs in neurons have been considered,
including involvement in the trafficking of -amyloid pre-
cursor protein and AB production (61). Meanwhile, the
mechanism of lipoprotein recognition by LDL-R would be
applicable both to exogenous (blood-borne) and endoge-
nous (intra-retinal) sources.

The ability of the retina to synthesize lipoprotein-like
particles (LLP) has been demonstrated (62, 63) [see also
recent review by Curcio et al. (22), this Thematic Series].
LLP are rich in lipids and particularly in cholesterol and
CE (62, 64). Those lipids accumulate with age proximal to

the RPE basalamina within BrM in both normal eyes (62,
65-69) and eyes with age-related maculopathy (28, 66,
70). It is postulated that accumulation of such material
participates in creating a physical barrier, the so-called
lipid wall, that may limit the exchanges between the cho-
riocapillaris and the RPE (71-73). One of the conse-
quences of accumulation of CE at the basal face of the
RPE would be a decreased nutrient intake by the neural
retina, resulting in compromised retinal function (24).
Until now, the relative contribution of circulating lipopro-
teins and endogenous LLP synthesis to the age-dependent
deposition of cholesterol-rich material within BrM remains
unresolved. The simplistic assumption that comparing the
lipid composition of LLP, circulating lipoproteins, and
neural retina would elucidate their origin has been disap-
pointing. Indeed, LLP are highly enriched in free choles-
terol, like the neural retina, but also in CE, similarly to
LDL (Table 1). As in CE from lipoproteins, linoleic acid is
the major fatty acid in CE from RPE/BrM/choroid (20,
62, 64). Docosahexaenoic acid (DHA, or 22:6n-3) is the
predominant polyunsaturated fatty acid in the neural ret-
ina and in retinal photoreceptor outer segment mem-
branes [reviewed in (19)]. It accounts for nearly 15% of
the fatty acids in human retina (20) to more than 30% in
the retinas of rats and mice (24, 74). DHA is thought to be
essential in visual function, largely by virtue of its ability to
provide a membrane environment conducive to support-
ing the phototransduction cascade (30, 75-78). In striking
contrast, DHA is found in relatively low levels in the mem-
brane phospholipids of the RPE/BrM/choroid complex:
4.4% in humans and very little in CE (from 0.3 to 0.5%)
(20, 62). Interestingly, the DHA content in CE and in the
neural retina strongly correlate in humans (20), suggest-
ing that CE may be carriers of circulating DHA to the neu-
ral retina. Twenty years ago, Bazan et al. (79) reported
that retinal DHA originates in the liver, with subsequent
transport in the blood and uptake by the retina via the
RPE; in situ synthesis and recycling of DHA within the ret-
ina also contribute to the steady-state levels of DHA in the
retina. Circulating DHA originates mainly from dietary
DHA and to a very minor extent from biosynthesis in the
liver. For instance, the conversion of a-linolenic acid into
DHA was not found in rat hepatocytes (80). Increasing
a-linolenic acid intake in humans is not associated with a
rise in DHA levels in plasma phospholipids [reviewed in
(81, 82) ]. However, supplementation trials with long-chain
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n-3 fatty acids have reported a positive association between
intake and circulating DHA (83-86). In a recent study in
humans, circulating DHA was shown to account for only a
minor part of the retinal levels of DHA. Indeed, the
amount of DHA in the neural retina did not correlate with
DHA in adipose tissue, which was considered a surrogate
for circulating DHA (20). These data suggest the pivotal
importance of recycling DHA for the maintenance of reti-
nal DHA levels rather than uptake of circulating DHA.
Whether or not a similar “recycling” of cholesterol occurs
in the retina remains to be evaluated.

Nevertheless, as indicated above, the retina can take up
circulating LDL-borne cholesterol (12) in notable contrast
to exclusion of such uptake by the brain (5, 87, 88). Using
labeled LDL particles, it was shown that LDL can cross
BrM and reach the RPE (12, 48, 89, 90). The role of LDL
as a carrier of cholesterol for the retina is further sup-
ported by data showing accumulation within BrM of lipid-
rich material in LDL-R knockout mouse models (91, 92),
including CE in the ApoBlOO,LDLR_/ " mouse, a relevant
murine model of aging of the human retina (24). Never-
theless, the biological relevance of LDL-derived choles-
terol in the maintenance of cholesterol steady-state levels
in the retina remains an open question. Indeed, even
after abrogating the transfer of lipids from LDL (i.e., in
ApoBmO,LDLRf/ ~ mice), the fatty acid profile and choles-
terol content (the latter measured by filipin binding) in
the neural retina appeared comparable to that of wild-
type animals. Alternatively, processes other than apoB-
LDL-R recognition may also participate in the transfer of
circulating lipids to the retina, e.g., via CD36, albumin,
or other proteins involved in lipid transport (50, 64, 93).
Finally, it is possible that the retina also may respond to
decreased uptake of exogenous sterol by upregulating the
de novo synthesis of cholesterol.

In fact, although LDL was found to be the preferred
vehicle for delivery of lipoprotein-bound cholesterol to
the retina, HDL is also able to perform this function, albeit
far less efficiently (50). Partners of the HDL pathway in-
clude ABCA1, ApoAl, ApoE, and the scavenger receptors
SR-BI and SR-BII. Those proteins participate in the reverse
efflux of cholesterol from the cells to nascent HDL parti-
cles. Although there are some differences between SR-BI
and SR-BII, both proteins have been localized to the reti-
nal ganglion cells and Muller cells as well as to photore-
ceptors (50, 55). ApoAl and ABCA1 were both detected in
retinal ganglion cells and the outer plexiform layer (50,
56). ApoAl immunoreactivity was also observed to be asso-
ciated with photoreceptor outer segments (most likely
present in the inter-photoreceptor matrix (IPM), the ex-
tracellular matrix fills the subretinal space) and the inner
segment of rods, but not cones, as well as with the apical
face of RPE cells (50).

The presence of these known lipid transport proteins in
various cell types within the neural retina and RPE sup-
ports the existence of an HDL-based intraretinal lipid
transport mechanism, as proposed by Tserentsoodol et al.
(50) (Fig. 3). According to this proposed mechanism,
which remains speculative and is based upon the immuno-
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histochemical localization of proteins involved in lipid re-
modeling, the RPE (and also likely the Miiller cells; see
below) engages an avid uptake of exogenous lipoproteins
and reassembles the lipids derived therefrom, along with
de novo synthesized lipids, into their own endogenous
HDL-like particles, which contain ApoAl and ApoE. These
HDL-like particles are then exported from RPE cells by
ABCAL. The scavenger receptors SR-BI and SR-BII present
on or near the photoreceptor outer segments may then
facilitate uptake of these HDL-like particles by the photo-
receptor cells. Photoreceptors also may engage in lipid
particle export, as evidenced bylocalization of both ABCA1
and ApoAl in association with the rod inner segments.
LDL (or LDL-like) particles apparently also have impor-
tant roles in the shuttling of lipids (especially CE) into and
within the retina. This is further supported by the finding
of ApoB localization to the apical membranes of the RPE
aswellasin close association with ApoB, lecithin:cholesterol
acyltransferase, and CETP with the photoreceptor outer
segments, indicating that photoreceptor cells may be ca-
pable of HDL particle maturation.

In addition to lipoprotein receptor-mediated mecha-
nisms, transcytosis of LDL particles from retinal capillaries
would also likely contribute to the supply of lipids, in-
cluding sterols, to the retina. Although endothelial cells
possess tight junctions that, a priori, limit the entry of
macromolecules into the neural retina, ApoB (e.g., associ-
ated with LDL) is able to reach Miller cells by transcytosis.
[For a more complete discussion, see review by Rodriguez
and Larrayoz (23), this Thematic Series.] Similar to the
brain, where astrocytes surround endothelial cells and
maintain the blood-brain barrier, Muller cells may repre-
sent cellular partners that contribute to the integrity of the
blood-retinal barrier. Alternatively or in addition, Muller
cells may participate in remodelling the lipid core of lipo-
proteins and delivery of lipids and nutrients to retinal
neurons. The relative contribution of such a mechanism
(speculative at this point) compared with others, as well as
the ability of cholesterol to enter the retina through this
pathway, remains to be determined.

Pfrieger et al. [reviewed in (94, 95)] have proposed a
role for glial-derived cholesterol in supporting neuronal
synaptogenesis in the CNS. Early studies by Pfrieger and
Barres (96) demonstrated that CNS neurons in culture
were able to form ultrastructurally normal synapses, but
they were not as active or as functionally competent as
when the neurons were cocultured in the presence of glia.
As alluded to in the beginning of this review article, the
needs of neurons for cholesterol and other membrane lip-
ids are manifold, not only to support synapse formation,
but to form and maintain intracellular membrane com-
partments as well as the plasma membrane, the axon, and
dendritic arbors and to generate a dynamic supply of
synaptic vesicles for neurotransmitter release. Also as dis-
cussed above, the retina has a unique and extremely
important additional need, i.e., the generation and turn-
over of photoreceptor outer segment membranes. More
recent experiments (97) utilizing rat postnatal CNS neu-
rons and glia cultured in serum-free media have demon-
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Fig. 3. Hypothetical schematic of uptake and intraretinal transport of cholesterol and related lipids by the
vertebrate retina. HDL and LDL enter the retina from the choroidal (Chor) blood supply, traversing BrM
and utilizing scavenger receptors (SR-BI, SR-BII, and CD36) and LDL-R localized to the RPE. LDL particles
are degraded in the RPE and reassembled into lipoprotein-like (e.g., HDL-like) particles by recruiting
ApoAl and ApoE. These lipoprotein particles are then secreted from the apical face of the RPE into the IPM
via the ABCA1 transporter. HDL-like particles mature further with the assistance of lecithin:cholesterol acyl-
transferase (LCAT) and cholesteryl ester transfer protein (CETP) in the IPM. Cholesterol, CEs, and other
lipids shuttle between the RPE and photoreceptor cells [both inner (IS) and outer (OS) segments], and
possibly between the Miiller cells and photoreceptors, as cargo on the HDL-like particles. The RPE also may
export cholesterol (or its oxysterol derivatives) in the form of LLPs into the choroidal circulation, thereby
maintaining cholesterol homeostasis. [Reproduced with permission from (50).]

strated that neurons produce cholesterol less efficiently
than do glia. In the model put forward by Pfrieger (94) in
2003, it is hypothesized that astrocytes (or glia) release li-
poproteins that are subsequently taken up by neighboring
neurons via a receptor-mediated process. Although the
original model specified that the location for such uptake
would be in the synaptic zone, involving the presynaptic
endings and postsynaptic spines, there is no a priori rea-
son why this zone of activity could not be more expansive,
e.g., involving the cell body. The lipoprotein receptor den-
sity may be upregulated via a sterol-sensing pathway in the
neurons and also positively stimulate additional release of
lipoproteins from astrocytes/glia. It is further speculated
that electrical activity may increase neuronal lipoprotein
receptor density and possibly also induce cholesterol bio-
synthesis and lipoprotein release in adjacent astrocytes/
glia, thereby supporting the need for additional synapto-
genesis. The system also exhibits homeostatic feedback
control; above some threshold level of cholesterol, which
may be different for different types of neurons, the neu-
rons respond by secreting their own lipoprotein particles
or oxysterols, which then downregulate cholesterol syn-
thesis and lipoprotein release by proximal astrocytes/glia.

The ability of Miiller cells to supply cholesterol, either de
novo synthesized or repackaged by those glia, to neighbor-
ing photoreceptors or other retinal neurons and for those
neurons to then utilize that specific pool of cholesterol for
membrane biogenesis and other functions has yet to be
demonstrated. However, it appears that the requisite com-
ponents of such an interactive system are at least present
in retinal neurons and glia.

DOES THE RETINA REQUIRE CHOLESTEROL TO
ACHIEVE NORMAL STRUCTURE AND FUNCTION?

Clues to the roles of cholesterol in the retina might be
obtained by modulating the levels of cholesterol and mea-
suring the impact on some quantifiable physiological or
structural parameter. The best way to find out whether
something is necessary is to remove it and examine the
consequences of that action. Nearly 20 years ago, attempts
to deplete the retina of its endogenous cholesterol were
performed by intravitreal injection of lovastatin (98, 99),
an inhibitor of HMG-CoA reductase, the rate-limiting en-
zyme of sterol and other isoprenoid biosynthesis (37, 38).
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At the time, it was thought that the retina, like the brain,
could not take up cholesterol from the blood; the premise,
then, was that turnover of endogenous retinal cholesterol
stores in the absence of de novo synthesis would eventually
deplete the retina of its cholesterol. This turned out not to
be the case. In fact, there was no significant decrease in the
total retinal cholesterol content at anytime within 3 weeks
after lovastatin injection under conditions where incorpo-
ration of ["H]acetate into retinal nonsaponifiable lipids was
almost totally blocked. Intravitreal lovastatin caused a rather
unusual, progressive retinal degeneration, but this turned
out to be due to abrogation of protein prenylation rather
than disruption of the cholesterol pathway per se (98, 99).

Nature has provided a number of examples of human
cholesterol deficiency syndromes, all of which have a se-
vere impact on the nervous system in addition to a variety
of other phenotypic abnormalities [reviewed in (100-
102)]. SLOS was the first of this class of multiple congeni-
tal anomaly metabolic diseases to be discovered (103) and
is the most common such disease. It took nearly 30 years
from the initial report describing affected patients to dis-
cover the primary biochemical defect involved, which is
at the level of the conversion of 7-dehydrocholesterol
[(7DHC) cholesta-5,7-dien-33-0l] to cholesterol (104,
105). Hence, the key biochemical hallmarks of this dis-
ease, most often, are abnormally high levels of 7DHC and
extremely low levels of cholesterol in all bodily tissues. The
affected enzyme, 3B-hydroxysterol-A’-reductase (DHCR?7;
EC1.3.1.21), is encoded by the DHCR7 gene, and >100
mutations in this gene have been associated with SLOS
[reviewed in (106-108)]. A rodent model of SLOS was
developed (109) by treating normal rats with AY9944
[ (trans-1,4-bis(2-dichlorobenzylamino-ethyl) cyclohexane
dihydrochloride], a relatively selective inhibitor of DHCR7
(110, 111), replicating the biochemical hallmarks and, un-
der certain conditions, at least some of the phenotypic fea-
tures of the human disease. This animal has been modified
more recently to extend postnatal viability for up to 3
months to examine the effects of disrupted cholesterol
biosynthesis on the development of retinal structure and
function (112, 113). Rats that had been exposed in utero
to sublethal doses of AY9944 were viable at birth and ex-
hibited 7DHC-cholesterol mole ratios that were typically
>2:1 in serum, liver, brain, and retina, whereas 7DHC
levels were below detection limits in the tissues of age-
matched control rats (112). At this stage, the neural retina
in rodents is mostly neuroblastic (undifferentiated), and
the retinas of treated rats did not exhibit morphological
features appreciably different from those of age-matched
controls. Even by postnatal month 1, although the retinal
7DHC-cholesterol mole ratio was nearly 4:1, the neural
retina appeared histologically and ultrastructurally nor-
mal and exhibited robust electrophysiological responses
to light stimulation.

However, when treated for an additional 2-3 months
with AY9944, a progressive and irreversible retinal degen-
eration ensued (113) (Fig. 4); the 7DHC-cholesterol ratio
of the retina and ROS membranes was >b:1, photore-
ceptors degenerated, died, and dropped out, the RPE
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Fig. 4. Histological and ultrastructural features of retinal degen-
eration in the AY9944-induced SLOS rat model. A, B: Histological
sections (paraffin embedment; hematoxylin/eosin stained) of ret-
ina from 10-wk-old control (A) and age-matched AY9944-treated
(B) Sprague-Dawley rats. Note marked thinning of the photorecep-
tor layer, particularly the outer nuclear layer (ONL) and outer seg-
ment (OS) layer, in the AY9944-treated retina compared with the
control (G, D). Corresponding electron micrographs of compan-
ion retinas (Epon resin embedment; OsO, stained, lead citrate
counterstained) from 10-wk-old control (C) and AY9944-treated
(D) rats. Note hypertrophy and congestion of RPE with membra-
nous inclusions in panel D. Abbreviations as in Fig. 1. [EM micro-
graphs adapted from (113) with permission. ]

became markedly congested with membranous inclusions
and lipid droplets, and the responsiveness to photic
stimulation under both dark-adapted (rod-driven) and
light-adapted (cone-driven) conditions was markedly
compromised. Although the ROS were >30% reduced in
length by postnatal month 3, compared with controls, the
overall ultrastructure of the remaining outer segments was
comparable to that of controls (e.g., the disk membranes
were not distended, elongated, truncated, whorled, or
otherwise abnormal in appearance). Further electrophysi-
ological analysis revealed that the sensitivity of rod photo-
receptors to light and their maximal response amplitudes
were decreased nearly 2-fold compared with age-matched
controls, and the timing of both rod and cone responses
to photic stimulation was significantly delayed (113). This
indicated that the phototransduction cascade machinery
in the ROS was rendered sluggish and inefficient. How-
ever, it was also determined that there was no net change
in the total sterol content of the retina or ROS membranes;
instead, there was a one-for-one molecular replacement of
about 80% of the cholesterol with 7DHC. In contrast, total
serum sterol levels dropped by 80-90% in the AY9944-
treated animals compared with controls, and the 7DHC-
cholesterol ratio was >10:1 in many of the treated animals
by postnatal month 3, consistent with the well-known se-
rum cholesterol-lowering and systemic sterol metabolism-
altering effects of AY9944 (110, 111).

So why does the retina undergo progressive degenera-
tion in the AY9944-induced rat model of SLOS? The sim-
ple and most honest answer is, we do not really know yet.
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Is it because there is some requisite threshold level of cho-
lesterol necessary for achieving and maintaining normal
retinal structure and function? Is it because 7DHC, even
though replacing cholesterol mole for mole, cannot fulfill
the structural or functional roles that cholesterol plays in
retinal cells? Is it because 7DHC, or molecules derived
therefrom (e.g., oxysterols) that progressively form and
accumulate in the retina and RPE, are toxic to retinal
cells? Any or all of these answers may be correct and cer-
tainly have been considered by others in the context of
understanding the fundamental pathophysiological mech-
anisms that underlie the SLOS (100-102, 114). One of us
(SJF) has proposed that, although disruption of choles-
terol biosynthesis and accumulation of 7DHC is the initial
insult, this predisposes affected cells and tissues to a series
of sequellae that involves other metabolic pathways (e.g.,
fatty acid and phospholipid metabolism) and other cellu-
lar processes (e.g., oxidative stress, protein and lipid oxi-
dation, etc.), synergistically acting in concert to undermine
cellular viability, integrity, and function (115).

The literature to date is fairly sparse concerning the his-
topathology and electrophysiology of the retina in patients
affected with SLOS. Kretzer et al. (116) provided a case
report of a 1-month-old male Caucasian child diagnosed
with clinical features consistent with SLOS; they reported
“extensive dropout of peripheral ganglion axons with in-
cipient optic nerve demyelination,” as well as “mitochon-
drial disintegration” in the RPE and “unusual amorphous
cytoplasmic masses...continuous with photoreceptor
discs” within the subretinal space of the peripheral retina.
Notably, the retinal layers were fully stratified, and differ-
entiated rods and cones were evident. However, consider-
able time had elapsed before the eyes were placed into
fixative, so postmortem artifacts are quite likely. Also, this
case was presented more than a decade before the bio-
chemical and associated gene defects in SLOS were discov-
ered, so there was no confirmation of the SLOS diagnosis
by biochemical or molecular genetics testing. Also, one
cannot draw firm conclusions regarding the representa-
tive features of a disease based upon a single histopatho-
logical specimen. Atchaneeyasakul et al. (117) reported
on ocular findings in eight children and a spontaneously
aborted fetus affected with SLOS; these included pale op-
tic discs, optic atrophy, and optic nerve hypoplasia, again
signifying ganglion cell death and dropout. They also re-
ported markedly elevated 7- and 8-dehydrocholesterol
levels and decreased cholesterol levels (compared with
normal patients) in several ocular tissues, consistent with
the biochemical hallmarks of SLOS. There are only two
publications, to date, regarding the electroretinographic
findings in SLOS patients, one focused on rod function
(118) and a very recent follow-up paper regarding cone
function in the same patient cohort (119). In these pa-
tients (median age, 4 years old), rod sensitivity was de-
creased nearly 2-fold and the kinetics of both activation
and deactivation of the rod photoresponse were far below
normal limits in nearly all SLOS patients examined; how-
ever, there were no significant abnormalities noted in
cone function. Regarding their rod findings, the authors

stated “this is likely a consequence of altered sterol compo-
sition in the cell membranes of the rod photoreceptors.
To our knowledge, this is the first demonstration of al-
tered kinetics of a membrane-bound signaling system in
SLOS” (118). Importantly, however, all of these patients
had received cholesterol supplementation therapy; hence,
these findings are not interpretable within the context of
the electrophysiological features of the disease per se (i.e.,
in the absence of therapeutic intervention). Based upon
the results obtained with the AY9944-induced rat model of
SLOS cited above, it is highly likely that these patients
would have experienced significant rod and cone visual
defects without therapeutic intervention.

Other studies have been done to see whether a sterol
other than cholesterol could support normal retinal struc-
ture and function. Treatment of neonatal rats systemically
bysubcutaneous or intraperitoneal injection with UI8666A
[3-B (2-diethylaminoethoxy)androst-5-en-17-one hydro-
chloride], an inhibitor of 3B—hydroxysterol—A24-reductase
(desmosterol reductase) (120), results in accumulation of
desmosterol (cholesta-5,24-dien-3B-ol) and depletion of
cholesterol in all bodily tissues, but, unlike AY9944, it also
causes cataract formation (121). This has been used as an
animal model of desmosterolosis, another rare hereditary
human disease in the constellation of postsqualene defects
in the cholesterol biosynthetic pathway (122, 123). When
rats were treated systemically for 21 days, starting from
birth, with Ul18666A, the desmosterol-cholesterol mole
ratio in the retina was nearly 1.0; following intravitreal
injection of [3H]acetate, >88% of the nonsaponifiable ra-
dioactivity was found in desmosterol (124). In contrast,
the retinas from age- and sex-matched control rats had
desmosterol-cholesterol mole ratios <0.006, and >80% of
the [SH]acetate-derived radiolabel in nonsaponifiable lipids
was found in cholesterol. Up to postnatal week 4, retinal
histology and ultrastructure, ROS renewal rates, electro-
physiological function, and rhodopsin synthesis and intra-
cellular trafficking were comparable in both treated and
control animals (124). These results would suggest that
desmosterol either is able to replace cholesterol, structur-
ally and functionally, in the retina or, because there were
still substantial levels of cholesterol present, the residual
cholesterol was sufficient, perhaps in conjunction with
desmosterol, to support normal retinal structure and func-
tion. However, the same was true for 7DHC in the AY9944
rat model of SLOS up to the first postnatal month (112);
it has yet to be assessed whether a longer time course with
U18666A treatment would result in a progressive retinal
degeneration in this rat model of desmosterolosis. Also,
and perhaps more importantly, more recent studies with
U18666A have revealed that it has pleiotropic effects not
merely restricted to inhibition of desmosterol reductase
[reviewed by Cenedella (125)]. Hence, it is difficult based
upon the above cited studies to make unambiguous conclu-
sions about the ability of desmosterol to support normal
retinal structure and function in the retina.

The above discussion has considered the effects of ei-
ther depleting cholesterol or replacing it with an alternate,
biogenically and structurally related sterol in the retina.

Cholesterol metabolism in the retina 3407
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What about trying to substantially elevate the levels of cho-
lesterol in the brain or retina? As indicated above, while an
as-yet-to-be-determined percentage of the total cholesterol
in the retina is synthesized in situ, the brain synthesizes
virtually all of its cholesterol de novo and the blood-brain
barrier excludes uptake of circulating cholesterol. There-
fore, dietary cholesterol supplementation is ineffective in
altering the steady-state levels of brain cholesterol. How-
ever, the same is not true for the retina, at least under
conditions where normal cholesterol metabolism has been
perturbed. In fact, in an aforementioned rat model of
SLOS, feeding a high-cholesterol diet (2%, by weight) was
effective in nearly normalizing the cholesterol content of
the retina, with a concomitant normalizing trend in the
electrophysiological competence of the retina, particularly
as involves cone-mediated visual transduction (13). At-
tempts to “load” the retina of normal rats by similar dietary
cholesterol supplementation have not proved successful
(S.]J. Fliesler, unpublished observations). However, Niemann-
Pick type C disease is characterized by cholesterol accumu-
lation in neurons of the brain (126) and retina and is
associated with age-dependent altered electroretino-
graphic properties and neurodegeneration (127) [¢f. re-
cent study by Claudepierre et al. (128)].

In sum, these findings regarding the effects of either
cholesterol excess or deficiency suggest that altering cho-
lesterol metabolism can have profoundly deleterious ef-
fects in the CNS. Hence, maintaining normal steady-state
levels of cholesterol in the brain and retina appears to be
critical.

EXPORT OF CHOLESTEROL FROM THE RETINA

Although the brain cannot take up blood-borne choles-
terol, it has achieved an exquisite mechanism for divesting
itself of excess cholesterol. Among proteins involved in
cholesterol export from the brain, ApoE seems to be one
of the most prevalent and active, being responsible for
eliminating about 1 mg/d of cholesterol in humans (129).
However, a more prodigious means of exporting choles-
terol from the brain involves side-chain oxidation of
cholesterol by the enzyme cholesterol-24S-hydroxylase
(CYP46A1), which can facilitate the removal of about 6
mg/d of cholesterol from the brain (7, 130, 131). CYP46A1
is a microsomal cytochrome-P450 enzyme that is exclu-
sively expressed in neurons within the brain (132) and the
retina (9, 133). CYP46Al-dependent hydroxylation of cho-
lesterol generates 24S-hydroxycholesterol, which can read-
ily traverse cellular membranes and the blood-brain barrier
(presumably also the blood-retina barrier) and then be
picked up by circulating lipoproteins (e.g., HDL) and
transported to the liver, where it is converted to bile acids
and excreted. In parallel to profiling lipids and fatty acids
in human retina (20), 24S-hydroxycholesterol has been
found in levels ranging from 33 to 162 ng/retina (79 + 37
ng, mean = SD), corresponding to 0.11—0.47 ng of 24S-
hydroxycholesterol per microgram of cholesterol (n = 17;
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L. Bretillon, unpublished observations; ¢f. data from Mast
et al. (134), discussed below), a value similar to that ob-
served in human cerebellum (0.27—0.58 ng of 24S-
hydroxycholesterol per microgram of cholesterol) (131).In
rat brain, the rate for the production of 24S-hydroxycho-
lesterol was found to be nearly equal to that of cholesterol
synthesis (135), supporting a role of CYP46A1 in maintain-
ing cholesterol homeostasis in the brain. Because CYP46A1
is exclusively expressed in brain neurons, the circulating
level of 24S-hydroxycholesterol has been suggested to be a
potential marker for neurodegeneration in the brain. For
example, the early phases of neuronal cell loss in the
course of Alzheimer’s disease are characterized by in-
creased plasma 24S-hydroxycholesterol levels (136). Con-
versely, patients in late stages of the disease have reduced
levels of this oxysterol (137) due to fewer neurons and
lower concentrations of both cholesterol and 24S-hydroxy-
cholesterol, as well as CYP46A1 activity, in the brain (138).
Meanwhile, glial expression of CYP46Al in the brain of
Alzheimer’s patients has been reported (139, 140). There-
fore, glial cells may substitute for neurons with regard to
the conversion of cholesterol to 24S-hydroxycholesterol.
However, it remains unknown if the amount of 24S-
hydroxycholesterol formed in glia would compensate for
that normally derived from neurons. Activation of glial
cells supports the survival of neurons but on the other
hand may accelerate the progression of neuronal loss
(141). The neurotoxic effects of 24-hydroxycholesterol in
neuroblastoma cells have been reported (142). Mild in-
duction of oxidation and inflammation in RPE cells incu-
bated with 24-hydroxycholesterol has been observed (143).
Considering the low concentration of 24S-hydroxycholes-
terol in retina (9), it is actually unlikely that 24S-hydroxy-
cholesterol would trigger neurodegeneration in the retina.
As reviewed by Bjérkhem (7), atleast in the brain, upregu-
lation of CYP46A1 may prevent formation of $-amyloid by
reducing cholesterol in neurons and by direct inhibition
of the formation of B-amyloid by 24S-hydroxycholesterol.
Recently, in a transgenic mouse model for Alzheimer’s dis-
ease, 3-amyloid deposits in the retina were found to be as-
sociated with retinal degeneration (144). These data suggest
that the mechanism that links CYP46A1, 24S-hydroxycho-
lesterol, and neurodegeneration involves B-amyloid. It is
tempting to speculate that, under pathological condi-
tions, a decline in CYP46A1 due to the death of retinal
neurons abrogates the inhibition of $-amyloid forma-
tion by 24S-hydroxycholesterol, thereby exacerbating
B-amyloid deposition and provoking (or contributing
to) retinal degeneration.

Hydroxylation at the C24 position of cholesterol is not
the only means by which cholesterol is rendered more hy-
drophilic in preparation for being eliminated from tissues
via reverse cholesterol transport. Indeed, another P450-
dependent sterol hydroxylase, cholesterol-27S-hydroxy-
lase, hydroxylates cholesterol at the C27 position [reviewed
in (145)]. This enzyme has been detected by immunohis-
tochemistry in monkey retina by Lee et al. (146), where it
reportedly is localized primarily to photoreceptor inner
segments (cell bodies), with minimal expression in Muller

0T0Z ‘ST leqwianoN uo ‘anbiwouoiBy ayalayday el ap reuoneN 1Nnsu| YENI e 610" Jj-mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

cells, RPE cells, ganglion cells, the nerve fiber layer, and
the endothelial cells of the choriocapillaris. Based upon
these results, one would expect to detect appreciable lev-
els of 27-hydroxycholesterol in the retina. However, those
authors did not report quantification of the steady-state
levels of 27-hydroxycholesterol in monkey retina. Intrigu-
ingly, Lee et al. (146) reported that when they mixed
27-hydroxycholesterol with 7-ketocholesterol (the latter a
highly cytotoxic oxysterol), it blocked the ability of 7-keto-
cholesterol to kill cultured ARPE-19 cells, whereas the
same molar amount of cholesterol failed to block 7-keto-
cholesterol cytotoxicity. [See Rodriguez and Larroyoz
(23), this Thematic Review series, for a comprehensive
overview of the cytotoxicity of 7-ketocholesterol and its ef-
fects on retinal cells.] By contrast, in a very recent report
by Mast et al. (134), 27-hydroxycholesterol was below the
level of detection (using a highly sensitive isotope dilution
GC-MS method) in bovine and human retinas and in RPE
cells. Rather, 3B-hydroxy-5-cholestenoic acid (27-COOH),
an oxidation product derived from 27-hydroxycholesterol,
was found in human and bovine retina and RPE in amounts
that far exceeded those of 24-hydroxycholesterol. This
suggests that 27-hydroxycholesterol formed in the retina is
immediately converted to the corresponding 27-COOH
product. These authors reported that the level of 24-
hydroxycholesterol in bovine choroid (~18 pmol/mg
protein) was one-half that found in the bovine retina (~36
pmol/mg protein), whereas 27-COOH was undetectable
in choroid. In human retina, 27-COOH was present at an
average concentration of ~79 pmol/mg protein (range,
37-125 pmol/mg protein, N = 3), whereas 24-hydroxycho-
lesterol was detected at only 1-4 pmol/mg protein. The
levels of 27-COOH were much lower in human RPE
(range, 1-3 pmol/mg protein, N = 3) than in the retina.
By way of comparison, the levels of these types of oxysterols
are >1,000-fold lower than the levels of cholesterol in ret-
ina and RPE cells. In total, these findings not only exclude
the choroid as a source of contamination for the 24-
hydroxycholesterol and 27-COOH found in the retina but
also are consistent with reverse cholesterol transport from
the retina to the RPE and into the choroidal circulation.
Importantly, they also indicate a significant difference be-
tween the retina and brain with regard to the method of
elimination of cholesterol from these two neural tissues.

REMAINING QUESTIONS AND FUTURE
DIRECTIONS

From the foregoing, although we currently have a fun-
damental understanding about the general features of
cholesterol content, biosynthesis, and turnover in the ver-
tebrate retina, there are many questions remaining. For
example, we still do not know the relative contributions of
endogenous de novo synthesis versus uptake of cholesterol
from extraretinal sources to the steady-state content of
cholesterol in the retina. We do not yet know if the photo-
receptor can make all of its own cholesterol to satisfy its
multiple needs for sterols, e.g., in support of outer seg-

ment membrane assembly, if it relies upon extraretinal
sources or neighboring glia (Miller cells) for this. We do
not know to what extent cholesterol is recycled in the ret-
ina, either within the neurons themselves (e.g., photore-
ceptor cells) or via exchange between the adjacent RPE
cells or glia and the photoreceptor cells. One way of an-
swering this question would be to selectively knock out
cholesterol synthesis in rod (or cone) photoreceptors,
Muller cells, or RPE cells, and to then examine the ability
of the photoreceptors to incorporate cholesterol into their
outer segment membranes. One of us (SJF) currently is
pursuing this line of inquiry. In fact, it is not yet known
how each of the multiple cell types in the retina obtains its
supply of cholesterol or exactly what the turnover rates for
cholesterol are in those cells. Because deposition of free
cholesterol and esters is one of the crucial features of
aging of the retina and is relevant to the development of
AMD, determining whether such deposits originate exclu-
sively from retina and/or RPE/choroid merits further
elucidation. [For a more complete discussion, see review
articles by Curcio et al. (22) and Rodriguez and Larrayoz
(23), this Thematic Review series. ]

In the rat model of SLOS discussed herein, it also is not
yet known why the retina degenerates or if treatments are
available to prevent the degeneration once it starts. Be-
cause there still is very little information regarding pro-
gressive changes in the retina in SLOS or any of the other
known human genetic diseases involving defective choles-
terol biosynthesis, particularly in the absence of choles-
terol supplementation therapy, it also is not known if (as
in the SLOS rat model) the retina undergoes degenera-
tion or not. Oxysterol dynamics in the retina also are not
well understood, nor is much known about the relative
toxicities of physiologically relevant oxysterols that may be
involved in the various human pathologies where retinal
degeneration is a factor. With regard to SLOS, a library of
7DHC-derived oxysterols recently has been established
(147) that should afford one the ability to examine the
relative toxicities of each oxysterol on various cells of inter-
estin culture as well as to perform intravitreal injections of
such compounds in animal models. In fact, studies of this
kind have been reported recently (148). Sterols other than
cholesterol appear to have a limited ability to support nor-
mal retinal structure and function, but it is not really clear
whether this is due to certain structural features of those
sterols or whether the formation of cytotoxic products de-
rived from those sterols underlie the subsequent degener-
ation and demise of retinal cells. Clearly, there is much
work remaining to be done in this area of research, and
the answers to these questions may provide essential clues
for the development of more effective therapeutic inter-
ventions into retinal degenerations associated with inborn
errors in cholesterol biosynthesis. B
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