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Liver X receptors (LXRa and -B) are nuclear receptors abundant in
the liver where they are regulators of lipid homeostasis. Both LXRs
are also expressed in the brain, but their roles in this tissue remain
to be clarified. We examined the brains of mice in which the genes
of both LXRa and -B have been disrupted and found several severe
abnormalities. One of the most striking features is that the lateral
ventricles are closed and lined with lipid-laden cells. In addition,
there are enlarged brain blood vessels, especially in the pars
reticularis of the substantia nigra and in the globus pallidus. Other
features of the brains are excessive lipid deposits, proliferation of
astrocytes, loss of neurons, and disorganized myelin sheaths.
Electron micrographs revealed that, as mice aged, lipid vacuoles
accumulated in astrocytes surrounding blood vessels. Comparison
of mRNA profiles in LXR knockout mice and wild-type littermates
showed that expression of several LXR target genes involved in
cholesterol efflux from astrocytes was reduced. These findings
show that LXRs have an important function in lipid homeostasis in
the brain, and that loss of these receptors results in neurodegen-
erative diseases. Further characterization of the role of LXRs in the
brain could lead to new insights into the etiology and treatment of
some neurodegenerative disorders.

he liver X receptors (LXRs) constitute a subfamily within the

nuclear receptor superfamily of transcription factors. Two
members of the LXR subfamily have been identified, LXR« and
-3, and comparison of their sequences shows that human LXRa
and -B share 77% amino acid identity in both their DNA- and
ligand-binding domains. There is also a high degree of conser-
vation of the LXRs between rodents and human (1). The major
function of the LXRs in the liver is in regulation of lipid and
lipoprotein metabolism. These receptors are activated by natu-
rally occurring oxysterols, the best-studied and most potent of
which include 24(S)-hydroxycholesterol, 22(R)-hydroxycholes-
terol, 24(S), 25-epoxycholesterol, and 27-hydroxycholesterol
(2-4).

Cholesterol is a major lipid component of mammalian cell
membranes (5) and is an obligate precursor of steroid hormones
and bile acids. Several genes involved in cholesterol (6) and fatty
acid metabolism (7, 8) have been found to be regulated by LXR.
Some of these genes are: cytochorome P450 7Al, the rate-
limiting enzyme in bile acid biosynthesis in the liver; the sterol
regulatory element-binding protein-1 (SREBP-1); acetyl CoA
decarboxylase; fatty acid synthase; and several ATP-binding
cassette transporter proteins (ABCs) (9-15). LXRs also pro-
mote the transcription of the cholesterol ester transfer protein,
lipoprotein lipase, and apolipoprotein (Apo)E (10). The human
LXRa gene is itself a target of the LXR signaling pathway (16).
Thus, the LXRs act as cholesterol sensors and modify expression
of genes in pathways that govern transport, catabolism, and
elimination of cholesterol.

Cholesterol is a major constituent of myelin and is thus
essential for structure and function of the CNS. In addition,
cholesterol plays a key role in CNS synaptogenesis and is
essential for optimal neurotransmitter release (17). Defective
cholesterol homeostasis in the brain is associated with neuro-
logical disease, especially neurodegenerative diseases (18). Most
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of the cholesterol in the CNS comes from in situ synthesis, and
to maintain homeostasis, an equivalent amount of cholesterol
must leave the brain. This output is to a large extent accounted
for by the formation and excretion of 24(S)-hydroxycholesterol,
which is secreted across the blood—brain barrier at high levels,
particularly during the first two decades of human life (19). The
role of 24(S)-hydroxycholesterol in the brain is particularly
intriguing because patients with Alzheimer’s disease have high
circulating levels of 24(S)-hydroxycholesterol. This might simply
be a reflection of the ongoing neurodegeneration, but it is also
possible that dysregulation of cholesterol homeostasis in the
brain contributes to the progression of the disease.

Although both LXR subtypes are expressed in the brain,
LXRP, in particular, is broadly expressed in the developing and
adult rodent brain (20). Little is known about the functions of the
LXRs in brain. In rat pheochromocytoma cells, the LXR ago-
nists 22(R)-hydroxycholesterol and 5-tetradecyloxy-2-furancar-
boxylic acid induce neuronal differentiation as measured by
neurite outgrowth (21). In primary astrocyte cultures, but not in
primary neuronal cultures, LXR agonists enhance cholesterol
efflux and regulate several established LXR target genes. In-
duction of these target genes was also confirmed by treating
animals with LXR agonists (22).

LXRa and -B knockout mice have been generated, and the
phenotypes of these mice suggest that LXRa and - each has a
distinct set of target genes and, therefore, they may have some
nonoverlapping roles (1, 3, 10). To further identify the function
of LXRs in the brain, in this study, we used double knockouts of
LXRa and -B in mice and provided the first in vivo evidence that
LXRs play important roles in cholesterol homeostasis in the
brain. Furthermore, we show that loss of these two receptors
leads to degenerative processes in the brain.

Materials and Methods

Animals. LXR«a~/~B7/~ mice were generated by gene targeting in
our laboratory as described previously (23). All mice used in our
study, LXRa~/~B~/~ mice and wild-type (LXRa*/*B*/*) con-
trols, had mixed genetic backgrounds based on 129/Sv and
C57BL/6 strains, finally backcrossed in C57BL/6 mice for three
generations, unless otherwise stated. Animals were housed with
a regular 12-h light/12-h dark cycle and fed a low-fat standard
rodent chow diet (R36 Lactamin, Vadstena, Sweden) ad libitum,
unless otherwise stated. Experiments were approved by the local
ethical committee for animal experiments and the Guidelines for
the Care and Use of Laboratory Animals were followed.

Gross Neuropathology and CNS Tissue Processing. Mice aged be-
tween 2 months and 2 years were studied. Mice were perfused
transcardially with either 4% paraformaldehyde or the fixative
containing 2% paraformaldehyde and 2.5% glutaraldehyde (in
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Fig. 1.  Nissl-stained coronal sections show histology of old wild-type

(LXRa*B*/*) (a) and old LXRa~/~B~/~ mice (b). Note the closed lateral ven-
tricles in old LXRa~/~B~/~ mice (original magnification: X2.5).

0.1 M PBS, pH 7.4). Glutaraldehyde-fixed brains were postfixed
in 2% osmium tetroxide, dehydrated, and embedded in LX-112.
Brains perfused with 4% paraformaldehyde were postfixed in
the same fixative overnight at 4°C and then either dehydrated in
20% sucrose or processed for paraffin embedding. To evaluate
the ventricular system, coronal sections were cut.

Histopathology. Nissl and hematoxylin/eosin staining were used
to examine the cytoarchitecture of brains with light microscopy.
For myelin staining, the black—gold method was used as de-
scribed (24). Lipid deposits were revealed by staining with oil red
O on cryosections as previously described (25). To compare the
ultrastructure of microvessels, microglia, neurons, and astrocytes
of wild-type and LXRa™/~B~/~ mice, several regions, including
cerebral cortex, hippocampus, caudate putamen, globus pallidus,
substantia nigra, cerebellum, lateral ventricle, third ventricle,
and spinal cord, were cut as 0.8-um semithin sections and stained
with toluidine blue.

Immunohistochemistry. For inmunohistochemistry, brain sections
were stained as described (26). Paraffin sections (6 um) were
used for antimicrotubule-associated protein (MAP2) monoclo-
nal mouse IgG1 antibody (1:500, Becton Dickinson); cryosec-
tions (30 wm) were used with the following antibodies: antiglial
fibrillary acidic protein (GFAP) (1:500, Santa Cruz), anti-ApoE
polyclonal antibody (1:1,000, Becton Dickinson), and anti-a
smooth muscle actin (1:500, Sigma).

Ultrastructural Studies. Thin sections of LX-112-embedded tissue
were cut with a diamond knife on a Reichert Ultracut ultrami-
crotome and mounted on hole-mesh copper grids, stained with
uranyl acetate followed by lead citrate, and then viewed in a Leo
906 (Helsingborg, Sweden) electron microscope.

Morphometry. Morphometry was performed by using IMAGE-PRO
pLUS software (Media Cybernetics, Silver Spring, MD). Ventric-
ular size was compared in LXRa~/~87/~ mice and wild-type
littermates at 14—18 months of age. One representative of all old
LXRa™/~B7/~ brains with decreased lateral ventricle is shown in
Fig. 1, together with one control age-matched brain with regular
lateral ventricles. Area of lateral ventricle was measured on six
serial micrographs of the Nissl-stained coronal brain sections at
the same magnification. Hematoxylin/eosin staining was used to
determine the extent of vascularization on six level-matched
micrographs in old mice. Vessels with an area greater than 40
(relative value) were counted, and percentage of vessels per
micrograph was calculated. GFAP-stained sections were used to
illustrate the number of astrocytes in substantia nigra and lateral
globus pallidus. A mean value of the above was calculated for
each animal, and statistical analysis was performed.
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Quantitative Real-Time RT-PCR (RTQ-PCR). For RTQ-PCR, brains
were obtained from 3-mo-old male mice fed a low-fat standard
rodent chow diet, as well as from 10- to 12-mo-old male mice fed
a control low-fat standard rodent chow diet or supplemented
with 0.025% (wt/wt) of the synthetic LXR agonist T0901317 (7).
Total RNA and cDNA were prepared as described (7). The
real-time PCR reaction contained, in a final volume of 25 ul, 50
ng of cDNA and 12.5 ul of 2X SYBR Green PCR Master Mix
(no. 4312704, PE Biosystems, Foster City, CA). RTQ-PCR was
performed in triplicate by using ABI PRISM 7700 Sequence
Detection System instrument and software (PE Applied Biosys-
tems). RNA samples were normalized for comparison by deter-
mining 18S rRNA levels by Tagman real-time RT-PCR (PE
Applied Biosystems). Data represent results from three to five
individual animals. Primers were obtained from previous pub-
lications (27, 28). Sequences for additional primers, designed by
using PRIMER EXPRESS software (PE Applied Biosystems), were
as follows (5'-3"): ABCA2, GGT CCT GTC ACC CTC TCA
GTA CCand AGC CGG AAT GTG CTC ACC; ABCGL, CTG
GTG AGA GCC GTG CGA GAG G and CAG GCC GAT CCC
AAT GTG CGA GGT G; ApoER2, AGT GTC CCG ATG GCT
CTG AC and CAG CTT AAC TTC TCG GCA GGA; very
low-density lipoprotein receptor (VLDLR), TGC GAG AGC
CTG CCT CC and TCG CCC CAG TCT GAC CA.

Statistics. Data are presented as mean = SEM.

Morphometry. The significance of differences between groups was
tested by Student’s ¢ test.

RTQ-PCR. In Table 1, Experiment A, the significance of relative
gene expression is indicated by *, P < 0.05 vs. wild-type control
(Student’s ¢ test). In Table 1, Experiment B, the significance of
relative gene expression is indicated by f, P < 0.03, according to
Bonferroni correction, vs. wild-type control (two-way ANOVA,
followed by post hoc comparisons according to Dunnett’s
tests or by nonorthogonal planned comparisons, respectively)
(STATISTICA software, Stat Soft, Tulsa, OK). The values of
the corresponding wild-type control group were arbitrarily
assigned a value of 100.

Results

Closed Ventricular System. Both young wild-type and
LXRa~/~B~/~ mice have ventricles of normal size (data not
shown). In 1-yr-old wild-type mice, serial coronal sections of
brains show normal lateral ventricles with a continuous free
space extending from the rostral to the caudal level (Fig. 1a).
Similar sections from age-matched LXRa™/~B~/~ mice are de-
picted in Fig. 1b. In these brains, the size of lateral ventricles is
greatly decreased, with little empty space left. The third ventricle
is closed (Fig. 2b), and just a very thin split can be seen in some
animals. The dorsal third ventricle (Fig. 1), cerebral aqueduct
(Fig. 2¢), fourth ventricle (Fig. 2d), and central canal of the spinal
cord are also decreased in size, but the change is not as severe
as that seen in the lateral and third ventricles. Morphometrical
analysis indicated a significant decrease in the area of the lateral
ventricles in LXRa™/~B~/~ mice (143.5 = 21.8) compared with
wild-type (5,051.6 = 55.1) (P < 0.001).

Abnormal Choroid Plexus Epithelial Cells and Ependymal Cells. The
morphology of choroid plexus was examined on toluidine blue-
stained semithin sections. In wild-type mice (Fig. 3a), the
choroid plexus is clearly identified with numerous villi, lined with
epithelial cells and with a connective tissue core in which blood
vessels are present. No choroid plexus and no villi are detectable
in LXRa ™/~ B/~ mice. Instead, there is a pale layer in the lateral
ventricle, with an increased number of blood vessels (Fig. 3b).

Ultrastructural examination of wild-type mice shows a normal
choroid plexus (Fig. 3c), where the epithelial cells are separated
by an intercellular space with junctions at the apical end and at
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Table 1. Relative amounts of mRNA of genes regulating cholesterol and lipid homeostasis in brains from

wild-type (LXRa*/*B*/*) and LXRa~'~B~/~ mice

Experiment A

Experiment B

LXRa~'- B~/ LXRa~!'- B~/ LXRa~'- B~/

WT (3 m) 3m) WT (10 m) WT (10 m) (10 m) (10 m)
Tularik (T0901317) - - - + - +
ABCA1 100 = 39 51 £15 100 = 17 334 + 52 50 + 6" 51 £15
ABCA2 100 = 67 53 =11 100 = 35 117 = 24 97 =12 125+ 14
ABCG1 100 = 24 78 = 32 100 = 35 128 =3 41 =7t 39 =13
ABCG5 100 = 67 72 = 16 100 = 35 133 =13 82 = 51 75 =15
ABCGS8 100 = 17 66 = 11* 100 = 17 118 = 24 55 = 18t 55+8
LDLR 100 = 36 69 + 3 100 = 34 76 + 23 55 + 5t 38 +7
SREBP-2 100 = 57 71 =20 100 = 28 82+ 19 52 + 241 66 = 15
HMG-CoA synthase 100 * 34 90 =6 100 + 31 97 =13 88+ 6 88 = 18
HMG-CoA reductase 100 = 50 62 =8 100 + 23 80 = 13 60 = 141 47 + 14
FPP synthase 100 = 35 65 = 30 100 = 9 96 = 8 75 + 9f 82+ 4
Squalene synthase 100 =+ 45 76 =3 100 + 18 100 = 19 70 = 14t 63 = 11
SREBP-1a 100 = 35 81 =25 100 = 23 110 =8 80 +6 93 =13
SREBP-1c 100 = 57 69 = 51 100 = 29 135 =39 21 = 5F 16 = 4
Acetyl-CoA carboxylase 100 * 46 92 =13 100 + 32 67 = 25 67 = 36 18 + 11
Fatty acid synthase 100 = 44 58 £ 11 100 + 43 150 + 13% 81+ 13 135 + 20
SCD-1 100 = 38 5120 100 = 60 130 = 29 19 = 3% 61+ 24
ApoE 100 * 23 91 =14 100 = 31 13111 99 +8 128 =18
ApoER2 100 = 27 85+ 19 100 = 18 115 =19 105 = 12 132 = 18
VLDLR 100 = 25 83 =13 100 = 25 96 = 17 77 =13 80 = 24

m, month of age; HMG, hydroxymethylglutaryl; FPP, fernesyl pyrophosphate.

*P < 0.05 vs wild-type control.
P < 0.03 vs. wild-type control.

the base. Numerous microvilli are projecting from the apical part
of the cells, and the cytoplasm contains normal mitochondria.
Very little lipofuscin can be seen. The extracellular matrix
containing collagen separates the epithelial cells from the ad-
jacent arteriolar segment. Ependymal cells with microvilli are
separated from the choroid epithelial cells by a space filled with
cerebrospinal fluid (CSF). In LXRa /=87~ mice, no visible
space exists between ependymal cells and choroid epithelial
cells. The cytoplasm of choroid epithelial cells is full of lipid
vacuoles, and mitochondria are smaller compared with wild type
(Fig. 3d). Ependymal cells, especially those around the third
ventricle and cerebral aqueduct, are swollen and also contain
large lipid vacuoles (data not shown).

Lipid Accumulation Around the Blood-CSF Barrier, the Blood-Brain
Barrier, and Specific Brain Areas. Oil red O staining shows mod-
erately stained bundles of nerve fibers in both wild-type and

(=

Fig. 2. Oil red O staining shows accumulation of lipid droplets in old
LXRa~'=B~/~ mice. Lipid-laden cells are located mainly around: (a) lateral
ventricle; (b) third ventricle; (c) cerebral aqueduct; (d) fourth ventricle; (e)
median eminence; and (f) microvessels (BV) in substantia nigra pars reticularis.
(Original magnifications: X10 in a-e; x40 in f.)

13880 | www.pnas.org/cgi/doi/10.1073/pnas.172510899

LXRa /=B~ young mice. In old LXRa ™/~ 87/~ mice, intensely
stained lipid components appear in regions around the blood-
CSF barrier, i.e., the lateral ventricle (Fig. 2a), third ventricle
(Fig. 2b), cerebral aqueduct (Fig. 2¢), fourth ventricle (Fig. 2d),
median eminence (Fig. 2e), subfornical organ, and organum
vasculosum of the lamina terminalis, as well as the pars reticu-
laris of substantia nigra (Fig. 4b), globus pallidus, and subtha-
lamic nucleus. In these regions, there are no lipid droplets in
age-matched wild-type mice (Fig. 4a). Lipid-laden cells are
located mainly around the blood vessels (Fig. 2f).

Toluidine blue staining shows cholesterol clefts (Fig. 4f) and
foamy cells (Fig. 4g) in the pars reticularis of substantia nigra.
Ultrastructral examination reveals this region to be severely
destroyed by lipid crystal clefts (Fig. 5¢). Foamy cells are full of
lipid remnants, with few organelles left (Fig. 5f). A few small
lipid droplets also appear in the cerebral cortex, hippocampus,
cerebellum, and spinal cord, but the staining here is not as

Fig.3. Toluidine blue staining shows no clear choroid plexus in LXRa /=7~
mice (b) compared with wild-type mice (a). The electron micrograph shows
normal choroid plexus epithelial cells (asterisks) and ependymal cells (arrows)
from wild-type mice (a). In LXRa~/~B~/~ mice, choroid plexus epithelial cells
(asterisks) and ependymal cells (arrows) around lateral ventricle are full of
lipid vacuoles (d). MV, microvilli; J, junction; E, endothelium. (Original mag-
nifications: X10 in a and b; X3,597in c and d.)

Wang et al.



Fig. 4. In substantia nigra pars reticularis, oil red O staining shows lipid
accumulation around the abnormal vessels in LXRa ™/~ 87/~ mice (b), no lipid
staining in wild-type mice (a). GFAP immunostaining shows the increase in
number of GFAP immunoreactive cellsin LXRa~/~B~/~ mice (d) compared with
wild-type mice (c). Hematoxylin/eosin staining shows the enlarged and dis-
torted vessels in LXRa~/~B~/~ mice (e). Toluidine blue staining shows choles-
terol clefts (f) and foamy cells (g) in LXRa~/~B~/~ mice. (Original magnifica-
tions: X2.5in a and b; X10 in c-e; X40 in fand g.)

intense. Because the abnormality is observed only in old animals,
these have been examined in detail and are described below.

Blood Vessel Pathology. By Nissl staining, no microvessels can
be seen in wild-type mice, whereas malformed blood vessels
with enlarged size and distorted shape can be identified in
LXRa~/~B/ littermates (data not shown). Hematoxylin/eosin
staining confirmed an increase in both number and size of blood
vessels in LXRa™/~B7~/~ mice (Fig. 4¢). In some LXRa™/~B~/~
animals, evidence of previous hemorrhage can be seen in the
thalamus, globus pallidus, pontin, and hippocampus (data not
shown). Morphometric analysis confirmed that there is a signif-
icant increase in the area of blood vessels in LXRa ™/~ B~/~ mice
(3.78 = 0.56) compared with wild type (0.22 = 0.02) (P < 0.001).

The ultrastructure of microvessels in several brain regions was
analyzed. More than half of the microvessels in the substantia
nigra and globus pallidus show severe abnormality. Fewer
microvessels in hippocampus and cerebellum are affected,
whereas few microvessels are affected in the cerebral cortex. As
shown in Fig. 5a, microvessels in wild-type mice contain endo-
thelial cells and pericytes, and astrocytic feet are attached to the
abluminal surface of the vessels. A normal tight junction seals
the space between the endothelial surfaces. In LXRa™/~87/~
mice, endothelial cells and tight junctions appear to be normal,
but pericytes contain lipofuscin. The extracellular matrix con-
tains many thick and disorganized collagen bundles in the
vicinity of the vessels, indicating abundant microvascular fibro-
sis. Irregular fibrillar structures extend from the outer aspect of
the collagen bundles. Astrocytic feet are swollen and contain
many pale lipid vacuoles and myelin-like inclusions (Figs. 5b). In
the smooth muscle cells, some actin structure remains, but cells
are loaded with pale lipid vacuoles (data not shown). Immuno-
staining for o smooth muscle actin shows much less staining in
LXRa~/~B~/~ mice. In the smaller brain vessels, there is clear
smooth muscle actin immunoreactivity in wild-type mice,
whereas in LYRa™/~87/~ mice, no staining is evident. In larger
blood vessels, for example those in the cortex, weaker staining is
seen in LXRa ™/~ B/~ mice (data not shown).

Neurodegeneration and Axonal Dysmyelination. From the Nissl-
stained sections, it is clear that there are less neurons in the
substantia nigra and globus pallidus of LXRa™/~B7/~ than in
wild-type littermates (data not shown). GFAP immunostaining
shows that reduction in neurons is accompanied by an increase
in the number of astrocytes in these regions (Fig. 4d) compared

Wang et al.

Fig. 5. The electron micrograph shows a normal blood vessel (BV) in wild-
type mice (a). Endothelium (E) is surrounded by pericyte (P) and astrocytic feet
(As). Vessel from LXRa~/~B~/~ mice (b) shows disorganized collagen bundles
(C) surrounding the pericyte and swollen astrocytic feet with myelin-like
inclusions (arrows). Astrocyte contains lipid vacuoles (star) (c). Macrophage/
microglia is full of lipid vacuoles (star) (f). Cholesterol clefts are seen in
substantia nigra pars reticularis (e). Normal neuronal morphology in wild-type
mice (d), degenerated neurons in LXRa~/~B~/~ mice (g). (Original magnifica-
tions: X4,646 in a and b; X6,000 in ¢; X3,597 in d; X3,597 in e; X2,784 in f;
X6,000 in g.)

with wild type (Fig. 4c). The increase in astrocytes is statistically
significant in LXRa™/~B~/~ (1,595.6 = 287.6) compared with
wild type (64.6 = 23.9) (P < 0.001). Specific neuronal markers,
like MAP2, were also used to document the neuronal deficit. As
shown in Fig. 6a, MAP2-stained cytoplasm and dendrites of
neurons in substantia nigra pars reticularis of wild-type mice,
and there is obvious reduction of both MAP2 immunoreactive
cell bodies and neurites in LXRa™/~8~/~ mice (Fig. 6b).

By electron microscopy, neurons in wild-type mice appear to
have normal morphology (Fig. 5d), whereas in LXRa™/~B~/~
mice, there were many dark-colored neurons around the im-
paired blood vessels (Fig. 5g). These neurons exhibit morphology
displaying nuclear and cytoplasmic condensation with con-
densed and packed ribosomes and lipofuscin in the cytoplasm.
Mitochondria appear to be intact, but the Golgi apparatus is
swollen or condensed, and plasma and nuclear membrane are
ruffled. Astrocytes contain many lipid vacuoles and myelin-like
or laminar-like structures (Fig. 5¢).

With the black—gold histological method shown in Fig. 6¢ from
wild-type and Fig. 6d from LXRa™/~B7/~ mice, there is a
moderate reduction in the size of myelinated axons in
LXRa™/~B~/~ mice, but electron microscopic analysis did not
demonstrate any demyelination in LXRa™'~B~/~ mice. How-
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Fig. 6. MAP2 immunostaining shows less positive neurons and their den-
drites in LXRa~/~B~/~ mice (b) compared with wild-type mice (a) in substantia
nigra pars reticularis. Black—gold-stained myelin in this region in wild-type (c)
and LXRa~/~B~/~ mice (d). In e, no ApoE immunostaining is seen in substantia
nigra pars reticularis in wild-type mice, whereas the arrow indicates strong
ApoE immunostaining in this region in LXRa™/~B~/~ mice (f). The electron
micrograph shows the dysmyelination in LXRa™/~B~/~ (h) compared with
wild-type mice (g). (Original magnifications: x40 in a-d; X2.5 in e and f;
X2,784 in g and h.)

ever, in axons with larger diameter (Fig. 6h), lipid vacuoles are
often seen among the bundles of myelinated axons, and global
dysmyelination with thin uncompacted myelin sheaths without
major dense lines is seen compared with wild-type littermates
(Fig. 6g).

ApoE is produced by astrocytes in the CNS and is involved in
transport of cholesterol. Interestingly, in LXRa™/~B~/~ mice,
ApoE is strongly expressed in lipid-laden regions like substantia
nigra (Fig. 6f) and cells around the lateral ventricle. In addition,
there is accumulation of ApoE around some blood vessels in the
cerebral cortex in LYRa™/~B~/~ mice. The diffuse ApoE stain-
ing indicates that this protein is not restricted within the cyto-
plasm. In wild-type mice, few ApoE-positive cells are found
around blood vessels in cerebral cortex, and there is no staining
in substantia nigra (Fig. 6e).

LXR Regulated Genes. To investigate the role of both LXRs in
regulating cholesterol and lipid homeostasis in the brain, we
determined the relative RNA expression of genes involved in
cholesterol biosynthesis, cholesterol efflux, lipoprotein metabolism,
and fatty acid biosynthesis, by RTQ-PCR. In 3-mo-old
LXRa /=B~ mice, expression of the cholesterol transporters
ABCAL, -A2, -G1, and -G5 was reduced by 50-20% [P = not
significant (NS)] and that of ABCGS, another cholesterol trans-
porter, by 66 = 11% (P < 0.05) (Table 1, Experiment A). Treatment
with LXR agonist T09001317 resulted in a 3.34 * 52 (P <
0.03)-fold induction of ABCAL expression in the brain of wild-type
mice (not shown). Compared with untreated wild-type controls, the
RNA levels of ABCAL, -G1, and -G8 were significantly decreased
to 50 = 6, 41 = 7, and 55 = 18% (P < 0.03), respectively, in
untreated LXRa ™/~~~ mice (Table 1, Experiment B). Surpris-
ingly, in neither of the two experiments were any significant changes
in ApoE, ApoE receptor 2, or VLDLR expression seen, whereas a
reduced expression of LDLR was seen in both 3- and 10-mo-old
LXR double mutant mice, by 69 + 3% (P = NS)and 55 = 5% (P <
0.03), respectively (Table 1, Experiments A and B). Significantly
fewer transcripts of SREBP-2 (52 = 24%, P < 0.03), hydroxy-
methylglutaryl-CoA reductase (60 = 14%, P < 0.03), farnesyl
pyrophosphate synthase (75 = 9%, P < 0.03), and Squalene
synthase (70 = 14%, P < 0.03) were detected in the brain of
10-mo-old untreated LXRa ™/~ B~/~ mice than in wild-type controls
(Table 1, Experiment B). The mRNA levels of SREBP-1c (21 *
5%, P < 0.03), stearoyl CoA desaturase-1 (19 = 3%, P < 0.03), but
not of acetyl CoA decarboxylase and fatty acid synthase, were
reduced in untreated LXRa /= 7/~ mice (Table 1, Experiment B).

13882 | www.pnas.org/cgi/doi/10.1073/pnas.172510899

Discussion

In the present study, we show that absence of LXRs in mice leads
to disturbances in lipid homeostasis in the CNS and age-related
neuropathological changes. The characteristic features of the
brains of LXRa~/~~/~ mice are accumulation of lipid droplets
and closure of ventricles. Ultrastructurally, epithelial cells of the
choroid plexus and ependymal cells are filled with lipid droplets.
The choroid plexus, situated inside the cerebral ventricles, is the
site of the blood—CSF barrier (29). The choroid plexus is
responsible for synthesis and secretion of CSF and for active and
selective transport of substances to and from the CSF (30). The
morphological changes of the choroid plexus in LXRa™/~ B/~
mice suggest that alteration of secretion and filtration of this
organ might be responsible for the closure of the ventricular
system.

No expression of LXRs has been reported (20, 31) in the
choroid plexus or ependymal cells, but in this study we have
demonstrated the importance of LXRs in the function of the
choroid plexus. Whether this is an indirect effect due to overall
dysregulation of genes involved in cholesterol homeostasis re-
mains to be determined. Modification of the choroid plexus with
age is related to a lower rate of CSF secretion in elderly
individuals (32, 33). In Alzheimer’s disease, there is thickening
of the basement membrane of the choroid plexus and flattening
of epithelial cells. These changes are correlated with pathogen-
esis of late-onset Alzheimer’s disease (34). Our data suggest that
loss of LXR exacerbates age-related changes in the choroid
plexus.

As LXRa™/~ B~/ mice age, there are more brain blood vessels
and more dilated vessels in the pars reticularis of the substatia
nigra. Similar findings have been reported in brains of mice after
chronic hypoxia (35). Because the ventricles are closed, many
changes observed in the brain of LXRa™/~37/~ mice could be
due to hypoxia.

The abnormalities in the blood vessels themselves could also
lead to hypoxia. The smooth muscle cells around blood mi-
crovessels expressed very little smooth muscle actin and con-
tained lipid vacuoles. Surrounding the vessels, there were dis-
torted collagen deposits. The affected blood vessels might lose
their contractile ability and would be susceptible to ruptures,
which could explain the frequently observed hemorrhages in the
brains of LXRa~/~B~/~ mice. The response of the brain to such
conditions would be increased angiogenesis, which might explain
why there are more vessels in the brains of LYRa™/~B~/~ mice.
The cerebral microvascular system is known to be subject to
senescence (36). Additional risk factors like Alzheimer’s disease
can accelerate the degeneration of capillaries (37). It seems that
LXRs are also involved in this process.

In LXRa~/~B~/~ mice, the most severe neuropathological
changes occurred in specific brain areas, including the pars
reticularis of substantia nigra, globus pallidus, and subthalamic
nucleus. In these areas, blood vessels were enlarged and sur-
rounded by lipid deposits. There was neuronal loss and astrocyte
proliferation. Ultrastructural analyses showed that lipid inclu-
sions were mainly localized in perivascular astrocytes and only
few microglia/macrophages. Multiple dispersed intracellular
lipid crystal structures severely destroyed the cytoplasmic archi-
tecture. Many neurons surrounding the abnormal microvessels
showed evidence of degeneration. In the cerebral cortex, hip-
pocampus, and cerebellum, there were a few lipid droplets
deposited around blood vessels but no obvious degenerative
changes.

There are a number of instances in which disturbance of
cholesterol metabolism in the CNS may be etiologically related
to the onset of neurological diseases (38—40). In ApoE knockout
mice of advancing age, there is also lipid deposition in astrocytes
in the globus pallidus and substantia nigra (41). Expression of
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ApoE has been shown to be regulated by LXRs in macrophages
and adipocytes (42). In the CNS, ApoE is secreted by astrocytes
and is the carrier that transports and redistributes cholesterol via
brain interstitial fluid to cells that express ApoB or -E (low-
density lipoprotein) receptors (43). By immunohistochemistry,
instead of a loss, we found a substantial accumulation of ApoE
protein in substantia nigra of LXRa™/~8~/~ mice. It therefore
appears that loss of ApoE cannot explain the phenotype of
LXR-deficient mice.

By RTQ-PCR, using mRNA extracted from whole brains, no
change in levels of mRNA of ApoE was detected, indicating that
the increased expression observed in immunohistochemical
studies is posttranscriptional. Although ApoE is a key factor in
the transport of cholesterol in some specific brain regions like
substantia nigra, there are other proteins whose functions are
essential for cholesterol homeostasis in the brain. Indeed, we
found that expression of several established LXR target genes
was significantly decreased in brains of LXRa™/~ B/~ mice.
These include ABCAL, -G1, and -G8, SREBP-1c and -2, LDLR,
hydroxymethylglutaryl-CoA reductase, farnesyl pyrophosphate
synthase, Squalene synthase, and stearoyl CoA desaturase-1. In
glial cultures, LXR agonists have been shown to induce expres-
sion of some of these target genes and to stimulate cholesterol
efflux (22). Hence the ABC transporters may be involved in
actively extruding cholesterol from astroglial cells in CNS,
especially perivascular astrocytes.
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