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Although cholesterol is a major component of the CNS, there is little information on how or whether a change in sterol flux across the
blood– brain barrier might alter neurodegeneration. In Niemann-Pick type C (NPC) disease, a mutation in NPC1 protein causes unester-
ified cholesterol to accumulate in the lysosomal compartment of every cell, including neurons and glia. Using the murine model of this
disease, we used genetic and pharmacologic approaches in an attempt to alter cholesterol homeostasis across the CNS. Genetic deletion
of the sterol transporters ATP-binding cassette transporter A1 (ABCA1) and low-density lipoprotein receptor in the NPC1 mouse did not
affect sterol balance or longevity. However, deletion of the nuclear receptor, liver X receptor � (LXR�), had an adverse effect on progres-
sion of the disease. We therefore tested the effects of increasing LXR activity by oral administration of a synthetic ligand for this
transcription factor. Treatment with this LXR agonist increased cholesterol excretion out of brain from 17 to 49 �g per day, slowed
neurodegeneration, and prolonged life. This agonist did not alter synthesis of cholesterol or expression of genes associated with the
formation of 24(S)-hydroxycholesterol or neurosteroids such as CYP46A1, 3�HSD, and CYP11A1. However, levels of the sterol trans-
porters ABCA1 and ATP-binding cassette transporter G1 were increased. Concomitantly, markers of neuroinflammation, CD14, MAC1,
CD11c, and inducible nitric oxide synthase, were reduced, and microglia reverted from their amoeboid, active form to a ramified, resting
configuration. Thus, LXR activation resulted in increased cholesterol excretion from the brain, decreased neuroinflammation, and
deactivation of microglia to slow neurodegeneration and extend the lifespan of the NPC1 mouse.
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Introduction
The richest collection of cholesterol in the body is found in the
brain. Although the pool of cholesterol in the whole body is es-
sentially the same in all mammalian species (�2100 mg/kg body
weight), the CNS accounts for �23% of this pool (�490 mg/kg)
in the adult human, but only 16% (�335 mg/kg) in the mouse
(Dietschy and Turley, 2004). In the mouse, as in the human, the
turnover of this cholesterol in the CNS is much slower (0.4%/d)
than that in the remaining tissues of the body (8%/d). The
sources for the cholesterol driving this turnover are complex
(Quan et al., 2003). Although the brain does not have direct
access to cholesterol carried in lipoproteins in the plasma, appar-

ently all cells, including neurons and glia, have the capacity to
synthesize this essential molecule. Astrocytes, in particular, syn-
thesize both cholesterol and apolipoprotein E (apoE) and secrete
these two molecules complexed together into the interstitial fluid
of the brain (Pfrieger, 2003a; Vance et al., 2005). This complex is
then presumably taken up by other glial cells and by neurons
using receptor-mediated endocytosis (Mauch et al., 2001). During
normal turnover, a subset of these neurons metabolize part of this
cholesterol to hydroxylated derivatives, particularly 24(S)-
hydroxycholesterol (Lund et al., 2003; Wahrle et al., 2004). Thus, in
the mature mouse, �1.4 mg/kg body weight of the pool of choles-
terol in the CNS is lost from the brain each day. Approximately 60%
of this sterol reaches the plasma as 24(S)-hydroxycholesterol,
whereas the remainder is excreted as either cholesterol itself or some
other unidentified hydroxysterol (Xie et al., 2003).

This turnover of sterol in the brain must be as tightly regulated
as is that in all other organs of the body. Important in this regard
may be various transcription factors like the liver X receptor
(LXR) and retinoid X receptor (RXR), which control critical steps
in sterol metabolism (Repa and Mangelsdorf, 2000; Wang et al.,
2002). In particular, two subtypes of LXR, LXR� and LXR�, are
ligand-activated transcription factors expressed in many tissues,
including the brain, that appear to respond to expansion of the
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metabolically active pool of cholesterol in the cytosol of many
cells. Such activation leads to increased transcription of genes
encoding the ATP-binding cassette transporters A1 (ABCA1)
and G1 (ABCG1), which are involved in the movement of cho-
lesterol across the plasma membrane of certain cells. In addition,
genes that transcribe the apolipoproteins D (apoD) and E are also
targets of these nuclear receptors. Although several of these genes in
the CNS have been shown to respond to LXR agonists (Whitney et
al., 2002), there is currently no information on whether such treat-
ment actually alters net cholesterol flux in this organ or modifies the
level of nerve cell death in any model of neurodegeneration.

One of the best characterized models of progressive neurode-
generation is the mouse having a mutation in the gene encoding
NPC1, a protein necessary for the movement of unesterified cho-
lesterol from the lysosomal compartment of cells to the metabol-
ically active pool in the cytosol (Loftus et al., 1997). As a conse-
quence, nearly every cell in the body accumulates unesterified
cholesterol that is derived from the receptor-mediated or bulk-
phase uptake of lipoproteins containing either apoB100 or apoE
(Liu et al., 2007). This accumulation of sterol in the late endoso-
mal/lysosomal compartment of cells leads to the clinical syn-
drome known as Niemann-Pick type C (NPC) disease, where
there is significant hepatic, pulmonary, and neurological damage
(Pentchev et al., 1995). Because disordered cholesterol metabo-
lism is a major part of this syndrome, the NPC mouse is an ideal
model in which to explore the relationship between sterol move-
ment across the blood– brain barrier (BBB) and the progressive
neurodegeneration characteristic of this disease. The present
studies, therefore, were undertaken to determine whether activa-
tion of the target genes of LXR leads to a change in cholesterol
balance across the brain and, additionally, whether this change
affects the degree of nerve cell death.

Materials and Methods
Animals and diets. Heterozygous NPC1 mice on a BALB/c background
(Loftus et al., 1997) were bred to generate the control (npc1�/�) and
homozygous (npc1�/�) mice used in all studies, except those shown in
Figure 1. Mice were genotyped at weaning and placed on the appropriate
diet. For the mice used in studies depicted in Figure 1, npc1�/� animals
were bred with ldlr�/� (Ishibashi et al., 1993), abca1�/� (Christiansen-
Weber et al., 2000), or lxr� �/� (Repa et al., 2000) mice to produce
animals of the desired genotypes. Littermate npc1�/� and npc1 �/� mice
were used as controls in all of these studies to minimize variation intro-
duced by the mixed strain backgrounds. All mice were kept in a facility
with 12 h light/dark cycles, and tissues were harvested at the end of the
dark cycle when the mice were in a postprandial state. Mice were fed ad
libitum a low-cholesterol mouse diet (no. 7001; Harlan Teklad, Madison,
WI) containing 0.02% cholesterol, or this same diet supplemented with
T0901317 (0.025% w/w; Cayman Chemical, Ann Arbor, MI). This com-
pound is hereafter abbreviated T1317. In one experiment, the basal diet
was supplemented with 1% cholesterol. Mice were weighed on alternate
days, and motor coordination was evaluated by testing on an accelerating
Rotarod apparatus (Rotamex 4/8; Columbus Instruments, Columbus,
OH) (Li et al., 2005). These studies were approved by the Institutional
Animal Care and Use Committee of the University of Texas Southwest-
ern Medical Center.

Plasma and tissue lipid concentrations and cholesterol synthesis rates.
Blood was withdrawn from the inferior vena cava and anticoagulated
with heparin. Plasma total cholesterol and triacylglycerol (TAG) concen-
trations were measured as described previously (Repa et al., 2005; Beltroy
et al., 2007). Tissue total cholesterol levels were determined using gas
chromatography (Repa et al., 2005). The rate of cholesterol synthesis in
multiple organs was determined in vivo using [ 3H]water as described
previously (Repa et al., 2005).

Gene expression. Quantitative real-time (qRT)-PCR was performed
using an Applied Biosystem 7900HT sequence detection system and

SYBR-green chemistry (Kurrasch et al., 2004). Total RNA was isolated
from whole cerebella using RNA STAT-60 (Tel-Test, Friendswood, TX),
and 2 �g of total RNA was treated with RNase-free DNase (Roche Mo-
lecular Biochemicals, Indianapolis, IN) then reverse transcribed with
random hexamers using SuperScript II (Invitrogen, San Diego, CA).
Gene-specific primers were designed using Primer Express Software
(PerkinElmer, Emeryville, CA) and validated by analysis of template titra-
tion and dissociation curves (Valasek and Repa, 2005). Primer sequences are
provided in a supplementary table. Ten microliter qRT-PCR reaction vol-
umes contained 25 ng of reverse-transcribed RNA, each primer (150 nM),
and 5 �l of 2� SYBR Green PCR master mix (Applied Biosystems, Foster
City, CA). Results of qRT-PCR were evaluated by the comparative cycle
number determined at threshold (Ct) method (user bulletin no. 2;
PerkinElmer) using cyclophilin as the invariant control gene.

Immunohistochemistry. Under deep anesthesia, mice were perfused
with 0.1 M PBS containing 0.1% glucose and 1 U heparin/ml, followed by
perfusion with 4% paraformaldehyde (PFA) in PBS, pH 7.4. Brains were
postfixed in 4% PFA, removed, cryoprotected in 20% sucrose/PBS, and
then embedded in tissue mounting medium for freezing (Triangle Bio-
medical Science, Durham, NC). Sequential sagittal sections were cut of
each cerebellar vermis at 16 �m on a Leica CM 1850 cryostat. For Pur-
kinje cell identification, cerebellar sections were immunostained for cal-
bindin (Frank et al., 2003). Briefly, sections were permeabilized in 0.3%
Triton X-100, then endogenous peroxidases were quenched with 3%
H2O2, and sections were blocked with 5% goat serum. Sections were
incubated with anti-calbindin D-28K (1:2000; Chemicon International,
Temecula, CA), followed by biotinylated goat anti-rabbit (1:400; Vector
Laboratories, Burlingame, CA) and NeutrAvidin-HRP (1:5000; Pierce,
Rockford, IL). The tissue-bound peroxidase activity was revealed by in-
cubation in 0.024% DAB (Sigma, St. Louis, MO) and 0.006% H2O2 for 20
min. Tissue sections were dehydrated, immersed in xylene, and cover-
slipped with vectamount (Vector Laboratories).

Staining of unesterifed cholesterol. Cerebellar sections were labeled with
biotinylated perfringolysin peptide (BC�) at 15 �g/ml in 0.1 M PBS con-
taining 1 mg/ml BSA for 20 min (Iwamoto et al., 1997; Reid et al., 2004).
The tissue-bound biotin was further labeled with FITC-tagged NeutrA-
vidin (1:500; Pierce) for 30 min, and then sections were coverslipped with
Prolong anti-fade (Invitrogen, Eugene, OR). For microglia characteriza-
tion, frozen cerebellum sections were treated with 0.2 M glycine in PBS,
pH 7.4, for 1 h at room temperature to quench autofluorescence. Sec-
tions were then permeabilized in 0.3% Triton X-100 with 1% goat serum
in 20 mM TBS. Sections were incubated with anti-CD14 (1:100; Santa
Cruz Biotechnology, Santa Cruz, CA), followed by goat anti-rabbit Alexa
594 (1:1000; Invitrogen) or F4/80 (1:150; Serotec, Indianapolis, IN), fol-
lowed by goat anti-rat Alexa 488 (1:1000; Invitrogen). After washes, sec-
tions were coverslipped with Biomedia Gel/Mount aqueous mounting
media with anti-fade (Biomedia, Foster City, CA). For computer photo-
capture, sections of cerebellar lobules II and III are featured and oriented
with anterior (left) and posterior (right).

Data analysis. All data are expressed as the mean � SEM, with the
number of mice indicated in the figure legends. Statistical analyses were
performed using GraphPad Prism5 software (GraphPad Software, San
Diego, CA). Experiments involving multiple groups were compared us-
ing two-way ANOVA with genotype and drug treatment as factors, ex-
cept for the data shown in Figure 1, E and F, which were analyzed by
one-way ANOVA. Newman-Keuls post hoc test was used, and groups
designated with different letters are statistically different. Significant dif-
ferences in survival curves were determined by Wilcoxon–Gehar and
Log-rank analyses. (Supplemental data showing the primer sequences
used to determine the mRNA levels for the various proteins in this study
are available at www.jneurosci.org as supplemental material. This sup-
plemental table provides the definitions for all abbreviations.)

Results
Changes in systemic cholesterol homeostasis and longevity in
npc1 �/� mice
Initial experiments were done to determine whether manipula-
tions that potentially alter systemic cholesterol balance, sterol
movement across the BBB, or cholesterol homeostasis within the
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brain itself might alter longevity of the
npc1�/� mouse. Expansion of chylomi-
cron cholesterol content through choles-
terol feeding elevated the concentration of
cholesterol in the liver (Fig. 1E), a change
known to worsen the liver disease of the
npc1�/� mouse (Beltroy et al., 2005, 2007).
However, this dietary manipulation did
not change either the rate of synthesis or
the concentration of cholesterol in the
brain and did not alter the lifespan of the
animals (Fig. 1A,E,F). Two membrane
cholesterol transporters, the low-density
lipoprotein receptor (LDLR) and ABCA1,
are reported to be expressed in brain capil-
lary endothelial cells and might be involved
in sterol homeostasis across the BBB. Dele-
tion of LDLR activity, as in the npc1�/�/
ldlr�/� animals, raised the plasma LDL
cholesterol level 15-fold and significantly
increased the concentration of cholesterol
in the spleen and lung (Fig. 1E), a change
known to worsen the lung disease of the
npc1�/� mice (Liu et al., 2007). In contrast, de-
letion of ABCA1 activity, as in the npc1�/�/
abca1�/� mice, markedly lowered the
plasma cholesterol concentration but had
no significant effect on either the rate of
synthesis or concentration of cholesterol in
most tissues (Fig. 1E,F). Despite these
marked changes in systemic cholesterol
metabolism, neither deletion of LDLR nor
ABCA1 function significantly altered cho-
lesterol concentration or synthesis in the
brain or changed survival in these animals
(Fig. 1B,C,E,F). Thus, in keeping with
previous studies, these three manipula-
tions that markedly altered different as-
pects of cholesterol metabolism in the
whole animal had no apparent effect on
sterol metabolism in the CNS or on the age
at death of the npc1�/� animals from neu-
rodegeneration. However, in a final ma-
nipulation, LXR� was deleted in the
npc1�/� mouse, and the resulting npc1�/�/
lxr� �/� animals died at a significantly ear-
lier age (Fig. 1D). This nuclear receptor is
known to be expressed in the brain and to
control several critical steps in sterol me-
tabolism (Repa and Mangelsdorf, 2002).
This result, therefore, raised the possibility
that LXR was normally driving a portion of
cholesterol excretion from the CNS so that
when this efflux was lost, the neurological disease worsened.

Effect of the LXR agonist, T1317, on growth, neurological
function, and cholesterol concentrations in the
npc1 �/� mice
This latter finding also suggested that activating LXR with an
agonist might increase cholesterol excretion from the brain and
improve neurological function. To test this hypothesis, npc1�/�

and npc1�/� pups were placed on diets at 21 d of age that con-
tained amounts of the LXR agonist T1317 (Schultz et al., 2000)

sufficient to deliver a daily oral dose of �50 mg/kg. Daily admin-
istration of this agonist to the npc1�/� animals had no effect on
growth or body weight (Fig. 2A); however, T1317 significantly
reduced body weight gain in the npc1�/� pups (Fig. 2B). Never-
theless, neurological function, as measured by the time animals
remained on the Rotarod apparatus, was improved to a modest,
but significant, degree (Fig. 2C). There was no effect on the per-
formance of the npc�/� animals. Most importantly, the lifespan
of the T1317 treated animals was significantly prolonged (Fig.
2D). It should be noted that the average age at death increased

Figure 1. Effect of cholesterol feeding or functional deletion of cholesterol trafficking-related genes on lifespan and choles-
terol metabolism in the npc1�/� mouse. A, Survival rates of npc1�/� mice fed the 1% cholesterol diet (n � 76) from weaning
compared with npc1�/� animals fed the 0.02% low-cholesterol diet (n � 72; p � 0.05). B, Survival rates of npc1�/�/ldlr�/�

mice (n � 111) compared with npc1�/� animals (n � 57) when both groups were fed the low-cholesterol diet ( p � 0.05). C,
Survival rates of npc1�/�/abca1�/�mice (n � 24) compared with npc1�/� animals (n � 32) when both groups were fed the
low-cholesterol diet ( p � 0.05). D, Survival rates of npc1�/�/lxr� �/� mice (n � 16) compared with npc1�/� animals (n �
16) when both groups were fed the low-cholesterol diet ( p � 0.01). E, Cholesterol concentration (mg/g wet weight) in tissues
of five groups of mice 7– 8 weeks of age and maintained on the low-cholesterol diet except for group 3, which was fed the 1%
cholesterol diet from weaning (n � 6 –24). Different letters indicate results that were significantly different at p � 0.05. F,
Cholesterol synthesis (nmol of 3H2O incorporated per hour per gram wet weight) in tissues of the animals described above in E
(n � 6 –18). Different letters indicate results that were significantly different at p � 0.05.
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from �69 d in the npc1�/�/lxr��/� mice to �100 d in the ani-
mals where LXR was activated by administration of the agonist.
Despite these favorable changes, the concentration of cholesterol
in most tissues of the treated mice was changed only slightly or
not at all, and, in particular, there was no alteration in the mean
concentration of sterol in the brains of the npc1�/� mice (Fig.
2E). This prolonged T1317 administration resulted in hepato-
megaly and steatosis (data not shown); however, the plasma TAG
concentration was reduced in contrast to the hypertriglyceride-
mia commonly observed after acute exposure to this drug
(Schultz et al., 2000). Plasma cholesterol concentration in both
the npc1�/� and npc1�/� animals (Fig. 2F) was increased by
T1317 treatment, as observed previously in mice (Repa et al.,
2000).

Effect of T1317 on cerebellar morphology and mRNA levels
for various nuclear receptors
To determine whether these changes in function and longevity
were reflected in improvement in brain morphology, histological
sections were prepared, and RNA was extracted from the cerebel-
lum, because this brain region is most profoundly affected by the
NPC mutation (German et al., 2001). Sections of cerebellum
stained for calbindin, a marker of Purkinje cells, revealed that
administration of T1317 to npc1�/� mice had no effect on the
morphology or number of these large metabolically active neu-
rons (Fig. 3A,B). As reported previously, the 49-d-old npc1�/�

animals had marked loss (68%) of Purkinje cells (Fig. 3C) in a
striated pattern (Sarna et al., 2003), but this loss was much less
severe (39%) in the animals treated with T1317 (Fig. 3D). Thus,
the improved neurological function and lifespan appeared to cor-
relate with less severe nerve cell loss.

A survey of relevant nuclear receptors revealed that LXR�
mRNA was most abundant in mouse cerebellum, whereas LXR�
and RXR� and particularly RXR� and RXR�, were present at
much lower RNA levels (Fig. 3E). mRNA for PXR was essentially
undetectable in this brain region (Fig. 3F) and recently con-
firmed (Gofflot et al., 2007), although that does not rule out
expression of this receptor in a minor cell population to account
for its purported activities as a therapeutic target for treatment of
NPC1 disease (Langmade et al., 2006). Although there were mar-
ginal differences in some of these mRNA levels in the npc1�/�

mice compared with the npc1�/� animals, in no case did the
administration of T1317 significantly change these levels in either
group of animals. Additionally, this agent did not alter the mRNA
level for OATP2 (organic anion transport protein 2), a known
target gene of PXR. This suggests that although T1317 can acti-
vate human, and to a lesser extent, mouse PXR (Mitro et al.,
2007), it appears that LXR rather than PXR is responsible for
these gene expression changes observed in the mouse cerebellum.

The complement of various cell types in the cerebellum dur-
ing disease progression was estimated by the mRNA levels of
cell-specific markers, as done previously (Li et al., 2005). mRNA
levels for Purkinje cell protein 2 (PCP2) and PCP4 closely paral-
leled changes observed in Purkinje cell number by calbindin
staining (Fig. 3G). The astrocyte-specific gene PLA2g7 (Bachoo et
al., 2004) exhibited similar RNA levels in all experimental groups,
whereas GFAP mRNA was markedly increased in the npc1�/�

mouse, in agreement with reports of astrogliosis in the CNS of
this animal model (Baudry et al., 2003). The mRNA levels for
caspases 1 and 3 (CASP1, CASP3), and cathepsin D (CTSD) were
also elevated in the mutant mice (Fig. 3H). Importantly, treat-
ment with T1317 significantly reduced the mRNA levels for
GFAP, CASP1, CASP3, and CTSD, a finding that was consistent
with the delay in neurodegeneration observed in the histological
sections from similarly treated animals (Fig. 3D). It should be
noted that this disease progresses from the anterior to posterior
portions of the cerebellum. Thus, these large changes observed
with Purkinje cell staining (which focused on the anterior cere-
bellum) are less apparent in the mRNA measurements (which
reflect the whole cerebellum).

Cholesterol accretion, synthesis, and excretion rates in the
whole brain and cerebellum
The next major question was whether these favorable alterations
in histopathology induced by T1317 were associated with actual
changes in the net excretion of cholesterol from the CNS. Because
there were subtle differences in brain size in the npc1�/� and
npc1�/� mice, these measurements required quantifying choles-

Figure 2. Effect of the LXR agonist T1317 on animal weight, neurological function, longev-
ity, and cholesterol metabolism. A, B, Both npc1�/� and npc1�/� mice were fed diets from
the time of weaning that were either the low-cholesterol diet alone or this diet to which was
added an amount of T1317 sufficient to deliver a daily dose of �50 mg/kg body weight (n � 8
in each of 4 groups). The animals were then weighed at intervals over 60 d. C, These same four
groups of animals described in A and B were periodically tested on the Rotarod apparatus.
Although treatment with T1317 had no effect on the performance of the npc1�/� mice, the
drug did increase neurological function of the npc1�/� animals ( p �0.01). D, Survival rates of
npc1�/� mice treated with T1317 (n � 16) compared with untreated npc1�/� animals (n �
16; p � 0.01). The mean age at death is also shown. E, F, Cholesterol (CHOL) and triacylglycerol
(TAG) concentrations in 49-d-old npc1�/� mice and in npc1�/� mice receiving either no drug
or T1317 from the time of weaning (n � 6 in each group). Different letters identify results that
were significantly different at p � 0.05.
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terol content in the brains of a large num-
ber of animals at exactly the same age.
Brain weight was found to increase from
439 mg at 42 d of age to 448 mg at 56 d of
age in the npc1�/� mice, but from only 396
to 398 mg in the npc1�/� animals over the
same interval (Fig. 4A). Treatment with
T1317 led to a decrease in brain mass in
both groups, and in the npc1�/� animals,
this value fell from 370 to 339 mg over this
14 d interval. Similar decreases were seen in
the cerebellum (Fig. 4B). The absolute
content of cholesterol in the whole brain of
the npc1�/� mice increased from 6.50 to
7.01 mg between 42 and 56 d of age, but
from only 5.36 to 5.66 mg in the mutant
mice. This rate of accumulation, however,
was significantly reduced in both the
npc1�/� and npc1�/� mice receiving T1317
in the diet (Fig. 4C). In fact, in the npc1�/�

mice receiving this agonist, there was actu-
ally net loss of cholesterol from the whole
brain and cerebellum over this 14 d interval
(Fig. 4C,D).

From these data, the mean accretion
rates of cholesterol in the brain of animals
49 d of age could be determined. Because
the CNS of mice of this age was still grow-
ing, the whole brain was accreting 36 �g/d
cholesterol in the npc1�/� mice, but only
22 �g/d in the mutant animals. However,
with T1317 treatment, these accretion
rates were markedly reduced in both the
whole brain and cerebellum in both
groups of animals and, in the case of the
npc1�/� mice, these rates became nega-
tive (i.e., the whole brain and cerebellum
were actually losing cholesterol with age)
(Fig. 4 E, F ). Using animals 49 d of age,
absolute rates of cholesterol synthesis
were next quantified. Although the rates
of synthesis were again higher in the
whole brains of the npc1�/� mice (70
�g/d) compared with the npc1�/� ani-
mals (39 �g/d), in this case, treatment
with T1317 did not significantly alter the
values found in the two groups either in
the whole brain or cerebellum (Fig.
4G,H ).

From these two sets of data, the rates
of net cholesterol excretion from the
whole brain and cerebellum could be cal-
culated. Net loss of sterol from the CNS in the npc1�/� mice
equaled 34 �g/d or �1.65 mg/d per kg body weight, a value
nearly identical to that previously reported in control mice
(Xie et al., 2003). Administration of T1317 increased this rate
of excretion to 54 �g/d in the normal animals and from 17 to
49 �g/d (3.55 mg/d/kg) in the npc1�/� animals (Fig. 4 I, J ).
Excretion from the cerebellum increased from 0.1 to 5.9 �g/d
in the mutant animals. Thus, the improvement in neurological
function, lifespan, and histopathology seen with administra-
tion of T1317 was associated with a marked increase in cho-
lesterol excretion from the CNS.

Cellular cholesterol accumulation and mRNA levels for
proteins involved in cholesterol metabolism in the cerebellum
Sections of cerebellum stained with BC�, a probe for detection of
unesterified cholesterol (Reid et al., 2004), revealed many
cholesterol-filled cells in the npc1�/� mice that were not evident
in the npc1�/� animals. Although some of these were clearly Pur-
kinje cells, most were randomly distributed throughout the mo-
lecular and granular layers, suggesting they were glia or other
neuronal cell types (Fig. 5A,B). Treatment with T1317 appeared
to reduce the number of such cells (Fig. 5C). To elucidate the
molecular mechanisms associated with this loss of CNS choles-

Figure 3. Cerebellar morphology and mRNA levels for proteins reflecting nuclear receptors, cell number, and apoptosis. A–D,
Representative sections of cerebellum stained for calbindin from both npc1�/� and npc1�/� mice 7 weeks of age that had been
fed either the low-cholesterol diet alone or this diet containing T1317. In these photomicrographs, m and g identify the molecular
and granular layers, respectively, whereas pc represents Purkinje cells. Scale bars: 10�, 100 �m; 40�, 50 �m. E, F, mRNA levels
for various nuclear receptors found in the cerebellum except for OATP2, which represents a target gene of PXR (n � 6). The value
beneath each gene is the cycle number at threshold by qRT-PCR and provides a measure of the relative mRNA levels of each gene.
Different letters identify results that were significantly different at p � 0.05. G, H, Relative mRNA levels for proteins that reflect
cell number, cell activation, and apoptosis.
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terol, the expression of genes involved in cholesterol homeostasis
was next determined. As has been reported previously (Li et al.,
2005), despite this abnormal accumulation of intracellular cho-
lesterol in the late endosomal/lysosomal compartment of cere-
bellar cells in the npc1�/� mice, there was no change in expres-

sion of the LXR target genes, ABCA1 and
ABCG1, although these mutant animals did
reveal significant elevations of the mRNA lev-
els for apoE, apoD, Lip1, and NPC2 (Fig. 5D).
Treatment with the agonist did, however, ac-
tivate ABCA1 and ABCG1 but did not further
elevate the mRNA levels of apoE, Lip1, or
NPC2. There was a modest T1317-mediated
increase in apoE mRNA evident with 2 weeks
of treatment at 5 weeks of age (data not
shown); however, by 7 weeks of age, the apoE
mRNA levels in the npc1�/� mice were so
high, that additional effects of T1317 were no
longer evident. Only the mRNA level of apoD
was differentially elevated in the npc1�/� an-
imals after administration of T1317.

In theory, this marked increase in sterol
excretion from the brain might reflect an in-
crease in the movement of cholesterol itself or
increased production and excretion of one
of the hydroxylated sterols. CYP46A1 is re-
sponsible for the production of 24(S)-
hydroxycholesterol, the known major path-
way for cholesterol excretion from the brain
(Björkhem et al., 1998; Lund et al., 2003).
However, mRNA levels of CYP46A1 declined
significantly in the npc1�/� mice and did not
increase with T1317 administration (Fig. 5E).
Similarly, there were no increases in the
mRNA levels of CYP7B1 or CYP27A1, two
other sterol hydroxylases. Although quantita-
tively of less importance, it was also conceiv-
able that formation of increased amounts of
neurosteroids could account for some of the
increased sterol loss from the brain or neuro-
protection (Griffin et al., 2004; Langmade et
al., 2006). Again, however, the mRNAs for the
major enzymes in this pathway, 3�HSD,
CYP11A1, and SRD5A1 (Compagnone and
Mellon, 2000), were unchanged with T1317 ad-
ministration. Thus, the major increase in sterol
excretion that was seen in the treated npc1�/�

mice (3.55 mg/d/kg) compared with the un-
treated control animals (1.65 mg/d/kg) likely
occurred through the movement of cholesterol
itself rather than a hydroxylated sterol.

Immunological responses of the cells of the
cerebellum to net cholesterol loss
A final set of studies investigated the potential
anti-inflammatory effects of LXR agonist to
elicit neuroprotection. Immunostaining of sec-
tions of brain with CD14 revealed many acti-
vated glial cells in the cerebellum (Fig. 6A,B).
Treatment with T1317 appeared to reduce the
number of such cells (Fig. 6C). More striking
was the change in morphology of these cells
with treatment. In sections stained with F4/80,
the microglia in the npc1�/� mice were scat-

tered throughout the molecular and granular layers and had the
typical “amoeboid” morphology of activated cells (Fig. 6E). In the
npc1�/� mice treated with T1317, the microglia mostly reverted to
the “ramified” resting configuration (Fig. 6F).

Figure 4. Cholesterol accretion, synthesis, and excretion in the whole brain and cerebellum. A, B, Both npc1�/� and
npc1�/� mice were fed the low-cholesterol diet alone or with added T1317 from weaning. Groups of these mice were killed
at either 42 or 56 d of age, and the whole brain and cerebellum from each mouse was weighed (n � 10 in each of the 8
groups). C, D, The absolute content of cholesterol in the whole brain and cerebellum of these groups was quantified (n � 10
in each of the 8 groups). E, F, From these values for cholesterol content (C, D), the mean daily accretion rates at 49 d of age
were calculated for each group and are expressed as the microgram of cholesterol accreted by the brain and cerebellum each
day. G, H, In a companion group of animals, 49 d of age, the absolute rates of cholesterol synthesis were measured, and these
are expressed as the microgram of cholesterol synthesized each day (n � 10 in each of the 4 groups). I, J, The rates of
cholesterol excretion were calculated as the difference between the observed rates of synthesis and the absolute rates of
accretion and are also expressed as the microgram of cholesterol leaving the brain and cerebellum each day.
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This qualitative assessment of micro-
glia status was confirmed by measuring
mRNA levels for a number of inflamma-
tory markers in the cerebellum of these
npc1�/� animals. In particular, those for
CD11c and tumor necrosis factor �
(TNF�) were markedly increased, and
there were lesser, but significant, in-
creases in Spp1, CD14, CD45, CCL9,
Toll-like receptor 4 (TLR4), and
interleukin-1B (IL-1�) (Fig. 6G,H ). Im-
portantly, treatment with T1317 de-
creased the mRNA levels for a number of
these inflammatory markers, including
CD11c, CD14, and MAC1; however, al-
though reduced, their values were still el-
evated above those seen in the npc1�/�

mice. Notably, treatment with the ago-
nist did not reduce the mRNA levels of
TNF� or TLR4. Thus, LXR activation
and the enhanced loss of cholesterol
brought about by the administration of
T1317 were associated with significant
reductions in the mRNA levels of several
inflammatory markers and with a change
in the morphology of the activated mi-
croglia to their resting configuration.

Discussion
These studies provide the first descrip-
tion of a treatment that enhances net ste-
rol excretion from the CNS and reduces
the mass of cholesterol in the brain. The
CNS of the mouse cannot use plasma
cholesterol; thus, during the first 3 weeks
of life, it synthesizes �250 �g/d of sterol
and uses this entire amount for expan-
sion of the cellular content of the brain
and for myelination (Quan et al., 2003).
By 49 d of age, however, synthesis de-
clines to 70 �g/d, and the rate of accre-
tion slows to 36 �g/d so that 34 �g of
sterol must be excreted each day (Fig. 4).
Approximately 65% of this excretion is as
24( S)-hydroxycholesterol, whereas the
remainder presumably is as cholesterol
itself (Xie et al., 2003). As illustrated in
Figure 7, both neurons and glia synthe-
size sterol and, in the case of astrocytes,
apoE (Pfrieger, 2003b). A portion of the
apoE-cholesterol complex secreted by these cells is taken up
through receptor-mediated endocytosis by other glia and, im-
portantly, by neurons where it plays an important role in axon
growth and synapse remodeling (de Chaves et al., 1997;
Mauch et al., 2001; Vance et al., 2005). Daily turnover of cho-
lesterol in a subset of large neurons is probably reflected in the
rate of excretion of the 24( S)-hydroxycholesterol (22 �g/d),
which moves into both the CSF and venous outflow from the
brain (Björkhem et al., 1998). In contrast, sterol turnover in
glial cells, including oligodendrocytes, is likely reflected in the
rate of excretion of the cholesterol (12 �g/d) from the CNS.
Treatment of npc1�/� animals with the LXR agonist increases
this excretion of total sterol from 34 to 54 �g/d under circum-

stances where the rate of synthesis is unchanged and reduces
the rate of cholesterol accretion in the brain from 36 to 12
�g/d (Fig. 4). Although this treatment also increases the
mRNA levels for ABCA1 and ABCG1, but not that of
CYP46A1 (Fig. 5), it is not currently known whether it is the
enhanced activity of one of these sterol transporters (X in Fig.
7) that might account for the observed increase in cholesterol
excretion induced by T1317.

In the face of mutational inactivation of NPC1, astrocytes
continue to synthesize and secrete the apoE-cholesterol complex
in normal amounts (Karten et al., 2005). However, when this
complex is taken up by receptor-mediated endocytosis, it be-
comes trapped in the late endosomal/lysosomal compartment so

Figure 5. Cholesterol accumulation in cerebellum and mRNA levels for proteins involved in cholesterol metabolism. A–C, The
cerebellum was removed from npc1�/� mice 49 d of age that had been given the low-cholesterol diet since weaning and from
npc1�/� animals given this diet alone or with T1317. Frozen sections of this region were stained with biotinylated perfringolysin
peptide (BC�) to identify sequestration of unesterified cholesterol in the cells of the npc1�/� animals. m and g identify the
molecular and granular layers, respectively, whereas pc represents Purkinje cells. D, Relative mRNA levels for proteins potentially
involved in the cellular trafficking of cholesterol (n � 6). E, Relative mRNA levels for proteins potentially involved in the synthesis
or degradation of cholesterol (n � 6).
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that both glia and neurons begin to accumulate sterol, even in
animals only a few days of age (Xie et al., 2000; Reid et al., 2004).
Similar cholesterol accumulation takes place in every other organ
in the body (Xie et al., 1999). However, the pathophysiology of
the clinical disease manifest in each of these organs is clearly more
complex than can probably be accounted for merely by this ac-
cumulation of cholesterol in parenchymal cells. In the liver, for
example, there is an age-dependent accumulation of cholesterol
in hepatocytes that is accompanied by infiltration of the liver by
lipid-laden macrophages. The level of sterol accumulation in
these hepatocytes, the magnitude of macrophage infiltration, and

the severity of liver dysfunction are all cor-
related and directly related to the mass of
chylomicron remnant cholesterol deliv-
ered to this organ (Beltroy et al., 2005,
2007). Similarly, the magnitude of choles-
terol accumulating in the lung, the degree
of macrophage infiltration in the pulmo-
nary septae, and the severity of the lung
disease are also related to the amount of
cholesterol carried in LDL particles and de-
livered to this organ (Liu et al., 2007). Iden-
tical findings are seen in the present study
in the brain where uptake of cholesterol
complexed to apoE leads not only to lipid
accumulation in neurons but also to an in-
crease in microglia number, likely resulting
from infiltration of peripheral monocytes
into the CNS, as has been described previ-
ously for other neurodegenerative diseases
(El Khoury et al., 2007). Clearly, both as-
trocytes and microglia are activated in re-
sponse to the NPC1 mutation as evidenced
by the marked increase seen in mRNA lev-
els for GFAP, CD14, CD11C, TNF- �, IL-
1B, TLR4, and other inflammatory pro-
teins. In addition, the microglia assume
their characteristic, activated “amoeboid”
form (Figs. 3, 6). Thus, in all three organ
systems, there is apparently a detrimental
interaction of parenchymal cells and infil-
trating macrophages (microglia) that de-
pends on the amount of cholesterol reach-
ing these cells.

Such an exaggerated damage-response
mechanism has been described in other ly-
sosomal storage diseases (Proia and Wu,
2004). In the face of subtle neuronal dam-
age brought about by abnormal lysosomal
storage, activation of an inflammatory re-
sponse by microglia would be anticipated
and appropriate. However, in these genetic
disorders, metabolism within the lyso-
somes of the phagocytic cells also is abnor-
mal so that the inflammatory response may
be more aggressive and inappropriate,
leading to accelerated neurodegeneration.
If this is the case, then normalizing the met-
abolic defect in the microglia, but not in the
neurons, would be expected to slow the
neurodegeneration and improve the clini-
cal syndrome. Such improvement has been
described, for example, in mice with both

Sandhoff disease (Wada et al., 2000) and metachromatic leuko-
dystrophy (Biffi et al., 2004), where the metabolic integrity of the
microglia was restored by bone marrow transplantation. Nota-
bly, in Sandhoff disease, restoration of normal lysosomal func-
tion to the microglia markedly reduced the level of neurodegen-
eration, improved neurological function, and prolonged life,
although no change in the level of GM2 ganglioside storage in
neurons was detected (Wada et al., 2000). Certainly, the findings
in the present study are also consistent with this putative aggres-
sive role of microglia in driving the neurodegeneration. In the
NPC mouse, microglial activation occurs very early just as de-

Figure 6. Activated microglia and mRNA levels of proteins involved in cerebellar inflammation. A–C, Activated micro-
glia were identified by immunohistochemistry in 49-d-old npc1�/� mice, npc1�/� animals, and npc1�/� mice receiv-
ing T1317. Images are presented at 20� magnification. m and g identify the molecular and granular layers, respectively,
whereas pc represents Purkinje cells. D–F, Adjacent sections were stained with F4/80 to better delineate the morphology
of microglial cells in the cerebellum. G, H, Relative mRNA levels for various proteins potentially involved in neuroinflam-
mation in the cerebellum.
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struction of Purkinje cells begins (Li et al., 2005). Treatment with
the LXR agonist restores microglia to their resting configuration
(Fig. 6), decreases mRNA levels for a number of inflammatory
factors (as has been elucidated in macrophages) (Ghisletti et al.,
2007), slows neurodegeneration (Fig. 3), improves neurological
function, and prolongs survival (Fig. 2). Thus, it seems very likely
that the metabolic effect of T1317 may, in part, be exerted
through improvement in microglial function.

At least four different molecular events might explain this
improvement. First, it has been reported previously that ad-
ministration of the neurosteroid, allopregnanolone, along
with T1317, also leads to improved neurological function and
prolonged lifespan in the npc1�/� mouse (Langmade et al.,
2006). From these observations, it was suggested that the allo-
pregnanolone and T1317 were exerting this favorable physio-
logical effect by activating some PXR-dependent process.
However, as shown in this study (Fig. 3) and previously
(Bookout et al., 2006; Gofflot et al., 2007), the cerebellum of
the mouse has no detectable PXR activity and, additionally, we
have shown that it is the vehicle in which the allopregnanolone
is administered that brings about the improvement in clinical
characteristics of the npc1�/� animal (our unpublished
observations).

Second, a more likely explanation is that LXR plays the critical
role in regulating cholesterol flux from the CNS. Because the
increased excretion of cholesterol from 17 to 49 �g/d occurred
without an increase in synthesis (Fig. 4), less of the apoE-
cholesterol complex would be available for uptake by glia and
neurons, resulting in less of an inflammatory response and neu-
rodegeneration. That the rate of cholesterol excretion from the
brain is under control of LXR would also explain why deletion of

this activity shortens the lifespan of the NPC1 animal, whereas
driving the activity of this receptor prolongs life (Figs. 1, 2). In
both cases, the severity of the clinical disease presumably is re-
lated to the availability of cholesterol for uptake and storage in the
late endosomal/lysosomal compartment of these cells. This ex-
planation also would be consistent with what is known about the
liver and lung disease seen in these same animals. Reduction of
uptake of cholesterol by both the liver and lung diminishes the
level of macrophage infiltration into these two organs and re-
duces the magnitude of parenchymal cell damage (Beltroy et al.,
2007; Liu et al., 2007).

A third, although less likely, possibility is that T1317 treat-
ment partially corrects the metabolic defect by enhancing the
movement of cholesterol from the late endosomal/lysosomal
compartment to the cytosol, where it can be used normally.
Notably, the cerebellum of the NPC1 mouse has an increase in
mRNA levels of NPC2 and Lip1, two other lysosomal proteins
that also are involved in the processing of lipoprotein sterol.
Similarly, the mRNA level of apoD, another lysosomal pro-
tein, is elevated (Suresh et al., 1998; Zhang et al., 2001). This
protein is expressed in glial cells and pericytes (Hu et al., 2001)
and is the only mRNA that increases differentially in the
npc1�/ � mice in response to treatment with the LXR agonist
(Fig. 5). Although the precise role of apoD in cholesterol me-
tabolism is currently unknown, it is conceivable that an in-
crease in this protein might partially bypass the NPC1 trans-
port defect. Fourth, it is also possible that T1317 has an effect
directly on some aspect of the immune response. It is reported,
for example, that this agonist inhibits the apoptotic response
of macrophages to M-CSF (Valledor et al., 2004). Further-
more, such compounds attenuate the inflammatory response
of glial cells to fibrillar amyloid � peptide (Zelcer et al., 2007)
and of macrophages to lipopolysaccharide (LPS) (Joseph et al.,
2003). The mechanism for the potent anti-inflammatory ac-
tion of LXR has been attributed most recently to receptor-
mediated transrepression of nuclear factor �B-regulated gene
expression (Ghisletti et al., 2007).

Thus, the sterol nuclear receptors LXR� and LXR� appear
to regulate cholesterol homeostasis across the CNS. In the
presence of NPC1 disease, activation of these receptors in-
creases cholesterol loss from the brain, limits the availability of
sterol for uptake into glia and neurons, reduces neuroinflam-
mation, slows neurodegeneration, and prolongs lifespan. Such
findings suggest the possibility that these compounds may
also have a role in treatment of other neurodegenerative
disorders.
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