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Inactivation of liver X receptor 3 leads to adult-onset
motor neuron degeneration in male mice
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Male mice with inactivated liver X receptor (LXR) B suffer from
adult-onset motor neuron degeneration. By 7 months of age,
motor coordination is impaired, and this condition is associated
with lipid accumulation and loss of motor neurons in the spinal
cord, together with axonal atrophy and astrogliosis. Several of
these features are reminiscent of the neuropathological signs of
chronic motor neuron disease such as amyotrophic lateral sclerosis.
Because the LXRs are important for cholesterol and lipid metabo-
lism, we speculate that absence of LXRpB leads to pathological
accumulation of sterols and lipids that may themselves be neuro-
toxic or may modulate intracellular pathways and thereby predis-
pose motor neurons to degeneration.

amyotrophic lateral sclerosis | spinal cord

he liver X receptors (LXRs; LXRa and LXRp) are ligand-

activated nuclear receptors that play a crucial role in the
regulation of cholesterol and sterol trafficking between tissues.
The two LXRs share 78% amino acid sequence identity in both
their DNA- and ligand-binding domains (1), and appear to bind
their cognate ligands, endogenous oxysterols, with similar affin-
ities. The most potent endogenous ligands are 22(R)-
hydroxycholesterol, 24(S)-hydroxycholesterol, 24(S), 25-
epoxycholesterol, and 27-hydroxycholesterol (2—6).

LXR knockout mice have confirmed that LXRs are important
for controlling cholesterol transport, absorption and elimination,
and fatty acid metabolism. Accumulation of lipids occurs in the
liver when LXRa knockout mice (LXRa—/—) are challenged
with a high-cholesterol diet (7). Expression of several hepatic
genes involved in cholesterol and fatty acid homeostasis is
impaired, and this results in a block of catabolism and excretion
of cholesterol and an increase in dietary cholesterol uptake.
LXRp knockout mice (LXRB—/—) maintain their resistance to
dietary cholesterol (8), indicating a more prominent role of
LXRa than LXRp as a hepatic sensor for lipid and cholesterol
metabolites. The physiological functions of LXRf have not yet
been elucidated.

LXRp is broadly expressed in the developing and adult rodent
brain (9, 10). We have previously shown that LXRs are impor-
tant in the brain: in LXRaB double-knockout mice, the lateral
ventricles are closed and ependymal cells lining the ventricles
accumulate lipid droplets. There is also neuronal loss and
astrocyte proliferation, particularly in the substantia nigra and
globus pallidus (11). These morphological changes could be
caused by an alteration of the secretion and filtration of cere-
brospinal fluid or to defects in elimination of cholesterol from
the brain.

In humans, ~25% of the total amount of the cholesterol in the
body resides within the brain. In mammals, >95% of the
cholesterol content in the brain is derived from in situ biosyn-
thesis, and there is little, if any, uptake of cholesterol from
plasma (12, 13). The reason for this occurring is probably the
inability of lipoprotein particles that mediate the intercellular
transport of sterols and other lipids, to pass through the tight
junctions between the endothelial cells in brain capillaries, the
so-called blood-brain barrier (14). In adults, cholesterol synthe-
sis in the brain exceeds the need, and cholesterol has to be
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excreted from the brain. Conversion of cholesterol to 24(S)-
hydroxycholesterol is thought to be an important mechanism for
efflux of cholesterol from the CNS (15). In contrast to choles-
terol, 24(S)-hydroxycholesterol can cross the blood-brain bar-
rier and enter the general circulation. Approximately two-thirds
of the cholesterol efflux from the CNS occurs after hydroxyla-
tion by cholesterol 24-hydroxylase (CYP46A1); the mechanism
through which the remaining one-third of brain cholesterol is
excreted is unclear (16, 17). None of the major cholesterol
transport proteins such as low-density lipoprotein receptor,
scavenger receptor class B type I, or ATP-binding cassette
transporter Al seem to be involved (18).

In adults, synthesis of cholesterol in the spinal cord is 5-fold
higher than it is in the cerebrum or cerebellum, yet the concen-
tration of cholesterol in the spinal cord is only 2-fold higher than
it is in these two brain regions (18). This finding indicates that
the spinal cord must have a high capacity for excretion of
cholesterol but the expression of neuronal CYP46Al is less
abundant in the spinal cord than brain, and presumably, does not
play an important role in the export of cholesterol from the
spinal cord (19). The major mechanism by which cholesterol is
excreted from the spinal cord is still not known.

In the present study, we show that male LXRB—/— mice
suffer from impaired motor coordination associated with lipid
accumulation and loss of motor neurons in the spinal cord, with
several features reminiscent of neuropathological signs of
chronic motor neuron disease such as amyotrophic lateral scle-
rosis (ALS).

Materials and Methods

Animals. LXRB—/— mice were generated by gene targeting as
described (8). All mice used in our study have been fully
backcrossed for 10 generations to C57BL/6 background. Mice
were housed with a regular 12-h light/12-h dark cycle and given
free access to water and standard rodent chow. The local ethical
committee for animal experiments, Stockholm Sédra Djurfor-
sOksetiska Ndmnd, reviewed and approved the experiments
following established guidelines for animal care.

Rotating Rod Test. At 7 months of age, both male and female
LXRB—/— and WT mice were placed onto a rod of 1.5 cm in
diameter that was rotated at a constant velocity of 15 rpm. The
retention time of mice on the rod was recorded, and mice staying
for 90 sec were taken from the rod and recorded as 90 sec. Five
trials per day were given for 5 consecutive days. In each genotype
group, 10-13 mice were used and means were compared by
Student’s ¢ test.

Wire-Hanging Test. Seven-month-old male mice were placed with
their forepaws gripping the middle of a 50-cm-long horizontal
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metallic wire (2 mm in diameter) that was suspended between
two rods, 30 cm above a foam mattress. The performance of the
mice was observed for 30 sec in four separate trials. The latency
to fall was recorded and the ability to grip the wire was scored
according to the following system: 0, fell off; 1, hung onto the
wire with two forepaws; 2, in addition to 1, attempted to climb
onto the wire; 3, hung onto the wire with two forepaws and one
or both hind paws; 4, hung onto the wire with all four paws with
tail wrapped around the wire; and 5, escaped to one of the
supports. Student’s ¢ test was used to compare means of WT and
LXRB—/— mice.

Neuromuscular Junctions. Biceps femoris muscles from 7-month-
old male mice were dissected, pinned in mild stretch, and fixed
by immersion in 4% paraformaldehyde (in 0.1 M PBS, pH 7.4)
overnight. After rinsing in PBS, muscles were dehydrated in
20% sucrose-PBS and frozen on dry ice. Muscles were cryo-
sectioned at 30 wm, and sections were stained first with
tetramethylrhodamine-conjugated a-bungarotoxin (1:40, Mo-
lecular Probes) for 30 min. After rinsing in PBS, sections were
labeled with anti-synapsin I (1:200, Calbiochem) in 3% BSA
for 12 h at 4°C to mark synaptic terminals. Secondary antibody
was FITC-labeled donkey anti-rabbit (1:100, Jackson Immu-
noResearch, West Grove, PA). VECTASHIELD mounting
medium (Vector Laboratories) was used to coverslip the
sections. Stained sections were examined under a Nikon
Eclipse E1000 fluorescence microscope (Nikon, Tokyo). Mo-
tor endplates (red) were scored as innervated if there was an
overlap with the axon terminal (green) or as denervated if the
endplate was not associated with an axon. Each muscle was
sectioned exhaustively so that most neuromuscular junctions
could be evaluated. Mean counts for WT and LXRB—/— mice
were compared by Student’s ¢ test.

Neuropathology. Seven-month-old male mice were deeply anes-
thetized with avertin, and brains and vertebral columns were
removed and postfixed overnight in 4% paraformaldehyde (0.1
M PBS, pH 7.4). The spinal cords were dissected out, and
tissue specimens were processed for paraffin embedding.
Sections of brain and spinal cord were cut in coronal orien-
tation on a rotary microtome at 6 um and examined after
staining with 0.25% thionin (Nissl staining). Luxol fast blue
was used to stain myelin. The paraffin sections were treated
with xylene and 95% alcohol and then stained overnight in
0.1% Luxol fast blue at 37°C, followed by rinses in 95% ethanol
and distilled water to remove excess blue stain. The sections
were differentiated by using lithium carbonate and counter-
stained with Mayer’s hematoxylin (Merck, Darmstadt, Ger-
many). Lipid deposits were revealed by staining with Oil red
O on 20-um cryosections as described (20).

For immunohistochemical studies, the tissue sections were
deparaffinized, rehydrated through graded alcohol, and pro-
cessed for antigen retrieval by boiling in 10 mM citrate buffer
(pH 6.0) for 20 min. Sections were then incubated in 0.5%
H,»O for 30 min to quench endogenous peroxidases, followed
by 10% normal horse or goat serum and 0.5% Triton X-100 in
PBS for 30 min to permeabilize and to block unspecific
binding. Sections were then incubated with goat anti-glial
fibrillary acidic protein (GFAP) antibody (C-19, 1:300, Santa
Cruz Biotechnology) or goat anti-choline acetyltransferase
(ChAT), (1:500, Chemicon) or mouse anti-calbindin (1:1000,
Sigma) in 3% BSA/0.3% Triton X-100 for 12 h at 4°C. Sections
were then incubated with biotinylated rabbit anti-goat or goat
anti-mouse IgG (1:300, Vector Laboratories) for 1 h at room
temperature, and then the avidin—biotin complex was mixed
according to manufacturer’s instructions (Vector Laborato-
ries) for 1 h at room temperature. After every step, sections
were washed with PBS for 45 min. Staining was developed with
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3, 3’-diaminobenzidine (DAKO). All visualization and cap-
turing was performed by using a Nikon Eclipse E1000 micro-
scope with an attached Nikon DMX 1200 digital camera.

In the lateroventral horns of L1 segments of the spinal cord,
the number of motor neurons was evaluated by counting large
ChAT-positive cells having a distinct nucleus. Astroglia were
counted as GFAP-positive cells having a distinct star-like shaped
cell body. Cells were counted in alternate serial sections and at
least 100200 motor neurons were counted for each spinal cord
specimen. This sample size has been repeatedly shown to
produce coefficients of error within reasonable limits for a
biological system (21). Every fourth section was analyzed, and
thus a total of 15-20 slides were counted per spinal cord
specimen. Quantification was made with IMAGEPRO PLUS soft-
ware (Media Cybernetics, Silver Spring, MD). Mean counts for
each group were compared by Student’s ¢ test.

Ventral Roots. Ventral nerve roots in the paraffin specimen of
spinal cords were visualized by staining with 1% aqueous
Toluidine blue, rinsed, and coverslipped. The mean diameter of
axon interiors was measured with IMAGEPRO PLUS software.
Means were compared by Student’s ¢ test.

Western Blot of Cerebellar Extracts. Seven-month-old male mice
were asphyxiated with CO,, and the cerebellum was dissected
out and immediately frozen in liquid nitrogen. All of the
following tissue handling was performed at 4°C. The speci-
mens were homogenized twice for 1 min each with a polytron
in lysis buffer (5 ml/g tissue) containing 10 mM Tris (pH 7.5),
1.5 mM EDTA, 5 mM sodium molybdate, 10 mM KCI, 1 mM
a-monothioglycerol, and protease inhibitor mixture according
to manufacturer’s instructions (Roche Diagnostics, Mann-
heim, Germany). The homogenates were sonicated twice for
10 sec and centrifuged for 1 h at 100,000 X g. The supernatant
fractions were collected and 5% glycerol was added. The
protein content was measured by Bio-Rad protein assay with
BSA as standard. Fifty micrograms of protein was mixed with
a sample-loading buffer and resolved on 16% Tris-glycine
precast gel (Invitrogen). Transfer to polyvinylidene difluoride
membrane (Amersham Pharmacia Bioscience, Uppsala) was
performed by electroblotting at 150 mA for 1 h. The membrane
was then incubated in blocking solution containing 10%
fat-free milk and 0.1% Nonidet P-40 in PBS for 2 h at room
temperature. Incubation with rabbit anti-calretinin (1:1,000,
Swant, Bellinzona, Switzerland) or mouse anti-calbindin
(1:3,000, Sigma) was performed in blocking solution overnight
at 4°C. For loading control, rabbit anti-a-tubulin was used
(H-300, 1:300, Santa Cruz Biotechnology). After washing,
secondary peroxidase-conjugated goat anti-rabbit or rabbit
anti-mouse antibody (1:5,000, Sigma) was applied in blocking
solution for 1 h at room temperature. After washing, detection
with an enhanced chemiluminescence ECL kit (Amersham
Pharmacia) was performed.

Results

Impaired Motor Performance in Male LXRB—/— Mice. At 7 months of
age, both male and female LXRB—/— and WT mice were tested
for their performance on a rota-rod (Fig. 1). There were five
trials per day for 5 consecutive days. The LXRB—/— mice
performed better for each day as the trial went on. They learned
as quickly as the WT mice, but for the male LXR3—/— mice, the
ability to stay on the rod was of significantly shorter duration
than WT mice for all 5 days (day 1: WT, 31 + 18 sec; LXRB—/—,
12 = 5sec; P = 0.001; day 2: WT, 23 = 10 sec; LXRB—/—, 11 +
6 sec; P = 0.002; day 3: WT, 53 * 22 sec; LXRB—/—, 21 = 12;
P <0.001; day 4: WT, 48 = 18 sec; LXRB—/—,22 = 15sec; P <
0.001; and day 5: WT 64 = 16 sec; LXRB—/—, 33 + 24 sec; P =
0.002).

Andersson et al.
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Fig. 1. Box plot of rota-rod performance in 7-month-old mice. Five trials per
day were given for 5 consecutive days. The retention time of mice on the rod
was recorded, and mice staying for 90 sec were taken from the rod and
recorded as 90 sec. White bars represent WT and striped bars represent
LXRB—/— (n = 10-13 for each group; box: mean = SD; whisker: min, max; *,
P < 0.01, Student’s t test). (A) The LXRB—/— male mice performed better for
each day as the trial went on and they learned equally as well as the WT mice,
but for the male LXRB—/— mice, the retention time to stay on the rod was
significantly shorter than for WT mice for all 5 days. (B) Female LXRB—/—
performed as well as the WT females, and both the learning ability and
retention time to stay on the rod for all of the 5 days were normal.

Female LXRB—/— mice performed as well as did WT females
(day 1: WT, 49 = 27 sec; LXRB—/—, 49 = 22 sec; P = 0.989;
day 2: WT, 69 = 23 sec; LXRB—/—, 72 * 20 sec; P = 0.756; day
3: WT, 76 = 15 sec; LXRB—/—, 70 + 12 sec; P = 0.501; Day 4:
WT, 90 = 0 sec; LXRB—/—, 89 = 2 sec; P = 0.232; and day 5:
WT, 86 = 8 sec; LXRB—/—, 86 = 7 sec; P = 0.905). Females
were also tested on the rota-rod for 2 consecutive days at the age
of 9 months; however, at this age they also showed no signs of
impaired motor performance (day 1: WT, 73 = 24 sec;
LXRB-/—, 80 = 9sec; P = 0.410; and day 2: WT, 85 = 10 sec;
LXRB—/—, 87 = 5sec; P = 0.569). To test whether the impaired
motor coordination of male LXRB—/— mice is a developmental
defect, young LXRB—/— males were tested at the age of 3
months for 2 consecutive days. Their motor performance was
intact at this age (day 1: WT, 51 + 18 sec; LXRB—/—, 51 £ 19
sec; P = 0.927; and day 2: WT, 64 *+ 22 sec; LXRB—/—, 66 =
21 sec; P = 0.856). The onset of the motor disability in male
LXRB~—/— mice occurs between the ages of 3 and 7 months. At
7 months of age, when the motor impairment is manifested,
muscle strength was tested with the wire-hanging test.
LXRB—/— males performed as well as the WT mice, indicating
that muscle strength was normal (score of gripping: WT, 3 + 1;
LXRB-/—, 3 = 1; P = 0.737; and latency to fall: WT, 25 = 8
sec; LXRB—/—, 22 = 6 sec; P = 0.360).

Motor Endplate Innervation. Biceps femoris muscles from
7-month-old male LXRB—/— mice were stained for neuromus-
cular junctions. Tetramethylrhodamine-conjugated a-bungaro-
toxin was used to visualize acetylcholine receptors localized at
the motor endplates, and synapsin I served as a marker for
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Fig. 2. Neuromuscular junction immunohistochemistry. (A and D) Motor
endplates were identified with tetramethylrhodamine conjugated a-bunga-
rotoxin (red). (Band E) Synapsin |, seen in green, was used as a marker for axon
innervation. (C) Innervated endplate with yellow, indicating overlap of motor
endplates with synapsin | staining. (F) Denervated endplates with no overlap
of synapsin | staining. (Bar, 10 um.)

synaptic terminals from the innervating axons (Fig. 2). There was
no difference between the LXRB—/— and WT males (percent
innervated motor endplates: WT, 77 = 14%; LXRB—/—, 71 =
10%; P = 0.210; n = 10 per genotype).

Motor Neuron Degeneration and Astrogliosis. Nissl staining of
spinal cords from 7-month-old male LXRB—/~— revealed a
decrease in the number of large « motor neurons that also
could be seen with Mayer’s hematoxylin counterstaining (Fig.
34). Staining with ChAT was used as a marker for the
cholinergic motor neurons. The number of motor neurons was
evaluated by counting large ChAT-positive cells, having a
distinct nucleus, in the lateroventral horns of L1 segments of
the spinal cord (WT, 6 = 1 motor neurons per section;
LXRB—/—, 4 = 1 motor neurons per section; P < 0.001; n =
8 per genotype). Degeneration of neurons usually coincides
with activation of astroglia, and as a marker for these cells we
used GFAP, an intermediate filament protein found only in
glial cells or cells of glial origin. The number of astrocytes was
evaluated by counting GFAP-positive cells, having a distinct
star-like shaped cell body in the lateroventral horns of L1
segments of the spinal cord. There were more astrocytes in the
LXRB—/— males (WT, 12 = 2 astrocytes per section;
LXRB—/—, 16 = 3 astrocytes per section; P = 0.004; n = 8 per
genotype). In addition, the astrocytes in LXRB—/— mice
appeared to be larger than those in WT mice (Fig. 3 B). This
might indicate activation of astrocytes in male LXRB—/—
mice.

Luxol fast blue was used to stain for myelin, but no areas of
demyelination could be detected in either the spinal cord (Fig.
34) or brain of LXRB—/— males. Lipid accumulation was
visualized by staining with Oil red O. Lipid deposits could be
detected in the motor neurons of both WT and LXRB—/—, but
the size of the lipid deposits were larger in male LXRB—/— and
more deposit sites could be detected per cell (Fig. 3C).

Decreased Axon Size in Ventral Nerve Roots. Ventral nerve roots
from L1 segments of the spinal cord were visualized by staining
with 1% aqueous toluidine blue (Fig. 4). Measurement of the
mean diameter of axons revealed a decrease in caliber size of
7-month-old male LXRB—/— mice (WT, 41 = 0.3 um;
LXRB—/—,3.7 = 0.1 pm; P = 0.022; n = 5 per genotype). The
smaller caliber size of the axons in male LXRB—/— could
indicate ongoing pathologic alterations such as axonal atrophy.

Normal Morphology of Cerebellum. The cerebellum influences the
motor system by adjusting the operation of motor centers in the
cortex and brainstem so that the action of movement corre-
sponds to the intention of posture. This evaluation process is
important for the spatial accuracy and temporal coordination of
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Fig. 3. Neuropathology in the lateroventral horns of L1 segments of the
spinal cord in 7-month-old male mice. (A) Luxol fast blue was used to stain
myelin, and counterstaining with Mayer’s hematoxylin was performed to
visualize cell nuclei. No evidence of demyelination was found in LXRB—/— as
compared with WT mice. However, loss of large a-motor neurons can be seen
in the LXRB—/— mice. Arrows indicate a-motor neurons in WT mice. The
number of motor neurons was evaluated by counting large ChAT-positive cells
and this count gave 6 = 1 motor neurons per section for WT and 4 = 1 motor
neurons per section for LXRB—/— mice, P < 0.001; Student'’s t test; n = 8 per
genotype. Note that the picture only shows one of the two ventral hornsin a
section. (Bar, 50 um.) (B) GFAP staining of astroglia can be seen as brown
star-like shaped cell bodies, as indicated with arrows in LXRB—/— sample.
More activated astrocytes with large cell bodies can be seen in LXRB—/— mice
as compared with WT. Counting the number of GFAP-positive cells gave 12 +
2 astrocytes per section for WT and 16 = 3 astrocytes per section for LXRB—/—
mice; P = 0.004; Student’s t test; n = 8 per genotype. Note that the picture only
shows one of the two ventral hornsin a section. (Bar, 50 um.) (C) Lipid deposits
were revealed by staining with Oil red O, as indicated by arrows. More and
lager deposits can be seen in motor neurons of LXRB—/— mice compared with
WT mice; n = 5 per genotype. (Bar, 20 um.)

movements. Nissl staining of cerebellum did not reveal any
morphological differences in 7-month-old LXR8—/— male mice
(data not shown). Calbindin was used as a marker for Purkinje
cells. Both calbindin and calretinin, which are expressed by
granule cells, belong to the large family of EF-hand calcium-
binding proteins and are modulators of intracellular calcium
transients. Knockouts of calbindin and calretinin have shown
that these calcium-buffering proteins are critical for the preci-
sion of motor coordination (22, 23). No difference in the number
of large calbindin-positive cells could be detected in male
LXRpB—/— as compared with WT mice (data not shown). On
Western blots of cerebellar extracts, with a-tubulin used as a
loading control, no difference in expression of either calbindin
or calretinin could be detected between male LXRB—/— and
WT mice (Fig. 5).

Discussion

We report here that the absence of LXRp in male mice causes
a selective vulnerability of large motor neurons. At 7 months of
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Fig.4. Toluidine blue staining of L1 ventral nerve roots. The size of the axon
calibers is smaller in LXRB—/— mice as compared with WT, perhaps indicating
axonal atrophy. Measurement of the mean diameter gave 4.1 = 0.3 um for WT
and 3.7 = 0.1 um for LXRB—/— mice; P = 0.022; Student’s t test; n = 5 per
genotype. (Insets) Higher magnification of selected parts can be seen. (Bar,
50 um.)

age, these mice exhibit impaired performance on the rota-rod
and this impairment is associated with lipid accumulation and
loss of motor neurons in the spinal cord, together with axonal
atrophy and astrogliosis. Several of these features are reminis-
cent of the neuropathological signs of chronic motor neuron
disease such as ALS.

The impaired motor coordination in male LXRB—/— mice
is an age-related phenomenon and is not evident when mice
are 3 months old. The onset of disability occurs between the
ages of 3 and 7 months. At 7 months of age, when the motor
impairment is manifested, LXRB—/— males perform as well
as the WT mice in the wire-hanging test, which is an indication
that muscle strength is still normal. At this age, there is also
normal innervation of motor endplates in the biceps femoris
muscles. However, the mean diameter of axons in the ventral
nerve roots of the spinal cord is decreased in 7-month-old male
LXRB—/— mice. This decrease in caliber of the axons could
indicate ongoing pathologic alterations of the larger axons in
the ventral nerve root, which could lead to reduced control
over muscle action and a motor coordination problem, as is
seen in LXRB—/— males.

Similar alterations are seen in ALS patients, where there
appears to be a selective degeneration of o motor neurons with
large axonal diameters, whereas motor neurons with small
axonal calibers (y motor neurons) are spared (24, 25). Axonal

A

Fig. 5. Western blot of cerebellar extract from 7-month-old male mice. No
difference in protein expression of either of the two calcium-buffering pro-
teins, calretinin or calbindin, could be detected in LXRB—/— mice as compared
with WT. Size ladder is indicated on the left. a-tubulin (66 kDa) was used as a
loading control (n = 3 for each genotype). (A) The protein expression of
calretinin (=30 kDa), mainly produced by granule cells in the cerebellum, did
not differ in LXRB—/— mice compared with WT. (B) The protein expression of
calbindin (28 kDa), mainly produced by Purkinje cells in the cerebellum, did
not differ in LXRB—/— mice compared with WT.

Andersson et al.
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atrophy and loss of large fibers is also reported to be associated
with aging (26, 27). Reduction in the rate of axonal transport of
various materials occurs with increasing age, and the reduced
transport of microtubule and neurofilament proteins could lead
to difficulties in maintaining the cytoskeletal framework,
thereby leading to axonal atrophy or fiber loss (28, 29). One
hypothesis for the selective vulnerability of motor neurons in
ALS is a high content of neurofilament proteins and large
calibers of axons.

The male-specific motor impairment that we report in the
present study is in line with the clinical findings of ALS. In the
sporadic form of ALS, the majority of affected patients are
men, suggesting that not-yet-identified genetic or hormonal
factors could play a role in the pathogenesis. However, this
difference in incidence between the sexes may diminish with
aging, because women get the disease later in life than men
(30). Such epidemiological evidence raises the possibility that
estrogen may have a neuroprotective role in ALS. Potential
neuroprotective mechanisms for estrogen include enhancing
neurotrophin release, interactions with neurotransmitters, and
providing antioxidant benefit (31). Estrogen also suppresses
lipid peroxidation, which is known to impair the function of
plasma membrane ATPases and glucose- and glutamate trans-
porters, that in turn may lead to membrane depolarization,
reduced energy availability, and increased extracellular gluta-
mate levels (32, 33).

ALS is epidemiologically subclassified into sporadic (90-95%)
and familial (5-10%) cases. The etiology of sporadic ALS is
unknown. Twenty percent of familial ALS, where the disease is
inherited in an autosomal dominant manner, is caused by
missense mutations in the antioxidant enzyme Cu/Zn superox-
ide dismutase I (SOD1), an oxidoreductase that catalyzes the
reaction between superoxide anions and hydrogen to yield
molecular oxygen and hydrogen peroxide (34). The cause of
motor neuron degeneration was first thought to be reduced
enzymatic activity as a consequence of the SOD1 gene muta-
tions, but several mutations identified in ALS patients leave
SODI1 activity intact and others may even enhance enzyme
catalytic function (35). SOD1 knockout mice do not develop
spontaneous motor neuron disease, whereas transgenic mice
expressing mutant SOD1 develop paralysis, despite possessing
two normal SODI1 alleles (36). These data suggest that the
disease results from the gain of some cytotoxic function rather
than loss of dismutase activity.

SOD1 gene mutations are less frequent in sporadic ALS cases
(2.6%), and the fact that only a subset of cases can be linked to
one particular molecular defect suggests that the etiology of
motor neuron diseases is likely to be multifactorial. A complex
interplay between genetic factors, oxidative stress, glutaminergic
excitotoxicity, impaired mitochondrial function, and aberrant
protein aggregation has been suggested (37).

Because the LXRs are important for transport, catabolism,
and efflux of cholesterol, we speculate that pathological accu-
mulation of lipids could predispose motor neurons to degener-
ation. The size of the lipid deposits in motor neurons is larger in
LXRB—/— males, and more deposit sites could be detected per
cell than in WT mice. One report has shown increased levels of
sphingomyelin, ceramides, and cholesterol esters in the spinal
cords of ALS patients and transgenic mice with mutation of the
SOD1, suggesting that these abnormalities can sensitize motor
neurons to programmed cell death (38).

LXRs have been shown to enhance the release of cholesterol
from cultured primary murine astrocytes by increasing the
expression of ATP-binding cassette transporter Al (39). How-
ever, little or no effect was seen with the LXR agonist on either
cholesterol efflux or LXR target gene expression in primary
neuronal cultures. These findings are in consonance with the
mechanistic model, suggested by Pfrieger (40), of a net export of
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cholesterol from astrocytes to neurons that is feedback-regulated
with participation of LXRB, ATP-binding cassette transporter
Al, CYP46A1, and 24(S)-hydroxycholesterol. However, the
relative importance of different lipoproteins and their receptors
for the transport and recycling of cholesterol within the CNS is
still unknown. It is possible that only specific types of neurons
depend on external cholesterol. Cholesterol homeostasis
throughout the brain is not uniform, and the expression of
enzymes involved in the cholesterol metabolism differs from
region to region (41, 42).

The spinal cord has a high tissue concentration of cholesterol and
a high rate of cholesterol synthesis that probably represents a high
content of white matter with compact myelin produced by oligo-
dendrocytes (18). However, neuronal CYP46A1 is less abundant in
the spinal cord than in the brain, and presumably, mechanisms
other than 24-hydroxylation of cholesterol are important for cho-
lesterol excretion from the spinal cord (19). In mice with a deletion
of the CYP46A1, cholesterol homeostasis in the CNS is maintained
by decreasing the de novo synthesis of cholesterol. Such a compen-
satory mechanism is not seen in the spinal cord of these mice, and
yet there is no increase in the cholesterol content of the tissue (17).
This finding suggests that the cholesterol efflux from the spinal cord
does not occur through conversion of cholesterol to 24(S)-
hydroxycholesterol, but rather, by some other not-yet-identified
transport mechanism.

One of the possible transport mechanisms that have been
suggested for cholesterol efflux from the CNS is the ATP-
binding cassette transporters G5 and G8 (ABCG5/G8) route. So
far, the major role for ABCG5/G8 is thought to be in the
enterohepatic sterol transport where the absorption of dietary
cholesterol is controlled through efflux back into the lumen of
the gut. The response of ABCG5 and ABCGS to cholesterol
requires the LXRs and treatment with a synthetic LXR agonist
increases the sterol excretion by the ABCG5/G8 route in vivo
(43). Mutation in either of these transporters causes sitosterol-
emia, a rare recessive disorder with patients accumulating plant-
and shellfish-derived sterols from the diet in the blood and
tissues (44, 45). Plant sterols have been reported to accumulate
in the brain of ABCGS5- and ABCGS-deficient mice, although
the extent of the accumulation was much lower than in the liver
and plasma (46). However, some plant sterols have been sug-
gested to be neurotoxic and to be the cause of the ALS-
parkinsonism dementia complex found among the population of
Guam (47).

In LXRB—/— mice, accumulation of sterols and lipids in
motor neurons of the spinal cord could be due to decrease of
the ABC transporters, such as Al, G5, and G8, which previ-
ously have been shown to be controlled by LXRs (48-50). We
have shown that the expression of several ABC transporters is
impaired in the brains of LXRaf3 double-knockout mice (11).
LXRs may be required to drain excess sterols and lipids from
the CNS, and their malfunction may cause degeneration
because of sterol overload.

Defective cholesterol homeostasis is also the cause of
Niemann-Pick type C disease, a neurodegenerative disease
characterized by degeneration of axons and dendrites, and
ultimately, loss of neurons, particularly cerebellar Purkinje cells
(51). Niemann-Pick type C disease is an autosomal recessive
disorder, and the cause is abnormal intracellular trafficking of
cholesterol (52, 53). On the basis of the data presented in our
study, we suggest that chronic motor neuron diseases can be
added to the list of neurodegenerative diseases associated with
defective cholesterol homeostasis.
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