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Parkinson disease (PD) is a progressive neurodegenerative disease
whose progression may be slowed, but at present there is no
pharmacological intervention that would stop or reverse the
disease. Liver X receptor β (LXRβ) is a member of the nuclear re-
ceptor super gene family expressed in the central nervous system,
where it is important for cortical layering during development and
survival of dopaminergic neurons throughout life. In the present
study we have used the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine (MPTP) model of PD to investigate the possible use of LXRβ
as a target for prevention or treatment of PD. The dopaminergic
neurons of the substantia nigra of LXRβ−/− mice were much more
severely affected by MPTP than were those of their WT litter-
mates. In addition, the number of activated microglia and GFAP-
positive astrocytes was higher in the substantia nigra of LXRβ−/−

mice than in WT littermates. Administration of the LXR agonist
GW3965 to MPTP-treated WT mice protected against loss of dopa-
minergic neurons and of dopaminergic fibers projecting to the
striatum, and resulted in fewer activated microglia and astroglia.
Surprisingly, LXRβ was not expressed in the neurons of the sub-
stantia nigra but in the microglia and astroglia. We conclude that
LXR agonists may have beneficial effects in treatment of PD by
modulating the cytotoxic functions of microglia.
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Parkinson disease (PD) is a common neurodegenerative disor-
der whose clinical features include tremor, slowness of move-

ment, stiffness, and postural instability (1). PD is characterized by
microgliosis, astrogliosis, progressive degeneration of dopaminer-
gic neurons, presence of Lewy bodies in dopaminergic neurons, and
α-synuclein accumulation in substantia nigra pars compacta (2).
Although there are drugs that alleviate symptoms of PD, chronic
use of these drugs results in debilitating side effects (3), and none
seems to halt the progression of the disease. The etiology of PD
remains unknown, but environmental toxins, genetic factors, and
mitochondrial dysfunction are thought to be involved. Neuro-
inflammation (microglial activation, astrogliosis, and lymphocyte
infiltration) results in production of cytotoxic molecules (4–9) that
are directly involved in neuronal degeneration. It is now recognized
that targeting neuroinflammation is one intervention that can slow
down the progression of PD (10).
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neu-

rotoxin that targets rather specifically dopaminergic neurons that
are involved in PD; its administration leads to severe and irre-
versible PD-like syndrome in humans and nonhuman primates,
with most of the biochemical and pathological hallmarks of PD
(11), i.e., marked loss of dopaminergic neurons, astrogliosis, and
activated microglia in the substantia nigra pars compacta (12). In
2002, Wu et al. (13) showed that dopaminergic neurons in the
substantia nigra could be protected from MPTP-induced damage
by the tetracycline derivative minocycline. This capacity of mino-
cycline was not due to its antibiotic activity but to its ability to
suppress microglial activation. Activated microglia in their capac-
ity as macrophages in the brain secrete a wide variety of cytotoxic
agents that can cause collateral damage, i.e., kill normal neurons
adjacent to neurons damaged by MPTP.

Liver X receptors (LXRα and LXRβ) are members of the nu-
clear receptor superfamily of ligand-activated transcription factors.
These receptors are activated by naturally occurring oxysterols (14,
15). There are two syntheticLXRagonists, T0901317 andGW3965.
T0901317 has been demonstrated to have agonistic effects on
receptors other than LXR, such as the Farnesoid X receptor and
the Pregnane X receptor (16). However, GW3965 has an agonistic
effect specifically on LXR. Activation of LXRs leads to release of
associated corepressor proteins and interaction with coactivators,
resulting in target gene activation (17–19). LXRα, which is ex-
pressed primarily in adipose tissue, liver, and intestine, plays an
important role in cholesterol homeostasis, whereas LXRβ (20–22)
has key functions in the CNS and the immune system.
We have previously shown that LXRβ expression is involved in

formation of superficial cortical layers and migration of later-born
neurons in embryonic mice (23, 24), and that LXRβ is essential
for maintenance of motor neurons in the spinal cord and dopa-
minergic neurons in the substantia nigra (25, 26). The substantia
nigra and motor neurons in the spinal cords of LXRβ−/− mice are
normal until the mice are 6 mo of age. After this, mice begin to
perform poorly on a rotor rod, and lose the large motor neurons
in the spinal cord and dopaminergic neurons in the substantia
nigra (26). LXR agonists reduce inflammation by inhibiting the
expression of inflammatory mediators such as inducible nitric
oxide synthase, cyclooxygenase-2 and interleukin-6 in macro-
phages, microglia, and astrocytes (27, 28). An LXR agonist that
reduces microglia activation and T-cell infiltration has been
shown to have anti-inflammatory effects in experimental animal
autoimmune disease (EAE) (29). The actions of another nuclear
receptor, peroxisome proliferator-activated receptor (PPAR),
have been studied in MPTP-induced PD and in the EAE model
of multiple sclerosis. PPAR agonists were found to prevent
neuroinflammation in EAE mice and to prevent the activation of
MPTP to its toxic metabolites (30, 31).
The present study was designed to determine whether LXR

agonist has any potential use in treatment of PD. With the use of
the MPTP mouse model of PD, we show that LXRβ deficiency in
mice increases MPTP-induced dopaminergic neurotoxicity, and
that in WT mice an LXR agonist can slow down MPTP-induced
neurodegeneration of dopaminergic neurons by inhibiting glial
activation.

Results
LXRβ Mutation Aggravates the MPTP-Induced Loss of Dopaminergic
Neurons in the Substantia Nigra. To evaluate alterations of dopa-
minergic neurons in substantia nigra, we examined the expres-
sion of tyrosine hydroxylase (TH), the rate-limiting enzyme in
dopamine synthesis. We used 8-wk-old male mice for the study
because at this age the substantia nigra of LXRβ−/− mice shows
no pathology and the mice perform normally on a rotor rod. As
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expected, in both WT and LXRβ−/− mice, there were numerous
TH-positive neurons in the substantia nigra (Fig. 1 A–D and I).
Upon treatment of WT and LXRβ−/− littermates with MPTP,
there was a decrease in the number of TH-immunopositive
neurons in the substantia nigra pars compacta in both WT and
LXRβ−/− mice (Fig. 1 E, F, and I). The loss was much more
substantial in LXRβ−/− mice (Fig. 1 G–I). These results indicate
that the presence of LXRβ limits the damage caused by MPTP.

GW3965 Protects Against the Neurodegeneration Induced by MPTP
in WT Mice. After MPTP intoxication, we treated WT mice with
GW3965 or vehicle for 7 d. We evaluated the alterations in the

number of dopaminergic neurons in substantia nigra pars com-
pacta. When WT mice were treated with GW3965, the MPTP-
induced loss of dopaminergic neurons was less than in vehicle-
treated mice (Fig. 2 A–F and M). In addition, in MPTP-treated
mice, the fibers of dopaminergic neurons in the substantia nigra
that project to the striatum could no longer be detected by im-
munoreactivity for TH (Fig. 2 H and K). These fibers were
strongly stained in untreated WT mice (Fig. 2 G and J), and
administration of GW3965 to MPTP-treated mice attenuated
the loss of fiber staining (Fig. 2 I and L).

LXRβ Is Expressed in Glial Cells, Not in Neurons of Substantia Nigra.
We used a specific antibody, which has been well characterized
for staining of LXRβ in the brain (22), to detect expression of
LXRβ in the substantia nigra of WT mice. LXRβ was expressed
in the nuclei of glial cells of both substantia nigra pars compacta
and pars reticularis (Fig. 3A). No LXRβ staining was detectable
in the neurons of either pars compacta or pars reticularis (Fig. 3
B and C). The specificity of the antibody for LXRβ was evident
from staining of the brains of LXRβ−/− mice: no LXRβ could be
detected either in glia or in neurons (Fig. 3 D–F).

LXRβ Mutation Augments Glial Reaction in Substantia Nigra. Micro-
glia are the resident innate immune cells in CNS. The resting
microglia are small cells with long and thin ramified processes. In
the substantia nigra of both WT and LXRβ−/− mice, there were
a few microglial (Iba1-positive) cells with small cell bodies and
long and thin ramified processes in Fig. 4 A, B, E, F, andQ. In WT
mice intoxicated with MPTP, the resting microglia became acti-
vated, as evidenced by larger cell bodies and poorly ramified,
short, and thick processes. In addition, the number of microglia
(Iba1-positive) was increased in substantia nigra pars compacta
(Fig. 4 C, G, and Q). Treatment of LXRβ−/− mice with MPTP
resulted in accumulation of many more activated microglia in
substantia nigra pars compacta than was observed in WT mice
treated with MPTP (Fig. 4 D, H, and Q). In untreated WT and
LXRβ−/− mice, GFAP (astrocyte marker) was mainly expressed in
substantia nigra pars reticularis, with few GFAP cells in pars
compacta (Fig. 4 I, J, M, N, and R). After MPTP intoxication,
GFAP expression was increased in both pars compacta and
reticularis of WT mice (Fig. 4 K, O, and R). In LXRβ−/− mice
treated with MPTP, there were more activated astrocytes with
more astrocytic projections in substantia nigra (Fig. 4 L, P, and R).

GW3965 Reduces the Activation of Glial Cells in Substantia Nigra of
MPTP-Treated WT Mice. When MPTP-intoxicated WT mice were
treated with GW3965 or with DMSO (the vehicle for GW3965;
Fig. 5 B, E, and M), there were fewer Iba1-positive cells in
substantia nigra pars compacta in the GW3965-treated group,
and these Iba1-positive cells had small cell bodies with long and
thin ramified processes (Fig. 5 C, F, and M). As expected in
normal mice that were not challenged with MPTP, there were
a few Iba1-positive resting microglia in substantia nigra and no
activated microglia (Fig. 5 A and D).
Scattered GFAP-positive cells (astrocytes) were located in

substantia nigra pars reticularis of WT control mice (Fig. 5 G
and J), and after MPTP intoxication, the number of GFAP-
positive cells increased. Furthermore, after MPTP treatment, in
both pars compacta and pars reticularis, these astrocytes were
activated, as evidenced by the increased number of ramified
processes (Fig. 5 H, K, and N). Treatment of MPTP-intoxicated
mice with GW3965 resulted in an attenuation of the increase in
GFAP-positive cells in substantia nigra pars compacta (Fig. 5 I,
L, and N). These results show that as was the case for microglia,
GW3965 treatment reduced the activation of astrocytes in the
MPTP mouse model.

Fig. 1. TH expression in the substantia nigra of LXRβ−/− and WT mice
treated with MPTP. (A–D and I) In WT and LXRβ−/− mice treated with saline,
there are numerous TH-positive neurons in substantia nigra (P > 0.05). (E, F,
and I) After MPTP treatment, there was a decrease in the number of TH-
positive neurons in the substantia nigra (*P < 0.01 vs. WT mice treated with
saline). (G–I) The loss of TH-immunopositive neurons was greater in LXRβ−/−

mice treated with MPTP (*P < 0.01 vs. WT treated with MPTP). (I) Number of
TH-positive dopaminergic neurons in substantia nigra pars compacta
(WT mice treated with saline, n = 5; LXRβ−/− mice treated with saline, n = 3;
WT mice treated with MPTP, n = 4; LXRβ−/− mice treated with MPTP, n = 3).
(Scale bars: A, C, E, and G, 100 μm; B, D, F, and H, 50 μm.)
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Discussion
Previous research has demonstrated lipid deposition, gliosis, and
degeneration of neurons in the substantia nigra of aged LXR
double-knockout animals (32), whereas LXRβ−/− mice develop
ALS–Parkinson-like syndrome after 6 mo of age. These obser-
vations suggest that LXRβ may be protective against neuro-
degeneration of substantia nigra (25). Furthermore, there is
activation of microglia in the substantia nigra of aging LXRβ−/−
mice, and this suggests that LXR may have immunosuppressive
effects in the brain (26) as it does in the rest of the immune
system. The present study demonstrates that LXRβ−/− mice
treated with MPTP lost more TH-positive neurons in the sub-
stantia nigra and had more activated microglia and GFAP+

astrocytes in this part of the brain. Thus, LXRβ deficiency in
mice increased the susceptibility to the neurotoxin MPTP.
Treatment of MPTP-intoxicated WT mice with the LXR agonist
GW3965 attenuated the loss of TH-positive neurons in the
substantia nigra and TH-positive fibers in the striatum, and there
were fewer activated microglia and astrocytes in the substantia
nigra. Thus, GW3965 can attenuate the MPTP-induced loss of
dopaminergic neurons and glial activation.
With the use of a specific LXRβ antibody, we found that

LXRβ is expressed in both substantia nigra pars compacta and
pars reticularis, and that the nuclear staining was localized in the
glia of substantia nigra, not in neurons. The presence of LXRβ in
glial cells supports the idea that LXR could play a role in

neuroinflammation. According to the present study, LXRβ−/−
mice treated with MPTP lost more TH-positive neurons than did
WT mice, with more glial activation in the substantia nigra. Thus,
the reduction in degeneration of dopaminergic neurons caused
by GW3965 administration appears to occur not through a direct

Fig. 2. TH expression in the substantia nigra and
striatum of MPTP-intoxicated WT mice treated
with GW3965 or vehicle. (A, B, D, E, and M) The
number of TH-immunopositive neurons decreased in
WT mice treated with MPTP (*P < 0.01 vs. WT mice
treated with saline). (C, F, and M) In GW3965-trea-
ted mice, dopaminergic neurons were protected
from MPTP toxicity (*P < 0.01 vs. MPTP-WT treated
with vehicle). (G and J) The fibers in the striatum of
WT mice treated with saline were intensely stained.
(H and K) MPTP injection led to an overall reduction
of TH expression in the striatum in WT mice treated
with vehicle. (I and L) GW3965 treatment reduced
the MPTP-induced loss of TH-positive fibers in the
striatum. (M) Number of TH-positive dopaminergic
neurons in substantia nigra pars compacta (WT mice
treated with saline, n = 5; MPTP WT mice treated
with vehicle, n = 4; MPTP WT mice treated with
GW3965, n = 4). D–F and J–L are magnified views for
A–C and G–I, respectively. (Scale bars: A–C, 100 μm;
D–F and J–L, 50 μm; G–I, 200 μm.)

Fig. 3. Immunohistochemical study of the expression of LXRβ in substantia
nigra of mice. (A) LXRβ was expressed in both substantia nigra pars compacta
and pars reticularis. LXRβ-positive staining was in the nuclei of glial cells of
the substantia nigra. (B and C) The neurons in both pars compacta and pars
reticularis were completely LXRβ negative. The black arrows point to the
LXRβ-negative neurons. (D–F) In the LXRβ−/−mice, LXRβ could not be detected
in glia or in neurons. (Scale bars: A and D, 100 μm; B, C, E, and F, 20 μm.)
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effect on dopaminergic neurons but through the glia. Thus, the
protection conferred by LXR and its agonists is different from
that observed for PPAR, which appeared to prevent metabolic
activation of MPTP. Because the LXR agonist was administered
after the mice had received four doses of MPTP, it is unlikely
that the activation of MPTP to its toxic metabolite was involved.
Use of LXR agonists has been reported to up-regulate

α-synuclein expression in human neuroblastoma (SH-SY5Y) cells.
Such induction would be expected to have deleterious effects on
dopaminergic neurons in PD (33), because accumulation of α-syn-
uclein, the major component of Lewy body inclusions, increases
fibrillization, thereby contributing to neurodegeneration (34–36). In
SH-SY5Y cells, 24-hydroxycholesterol and 27-hydroxycholesterol,
which are ligands for LXR, have differential effects on tyrosine
hydroxylase and α-synuclein: 24-hydroxycholesterol increases the
levels of tyrosine hydroxylase, whereas 27-hydroxycholesterol
increases the levels of α-synuclein (37). 27-Hydroxycholesterol
activates LXRβ and induces its binding to LXRE in the α-synuclein
promoter, up-regulating α-synuclein expression in SH-SY5Y cells
(33, 38). In these in vitro studies, LXRβ was expressed in neuro-
blastoma cells. However, in vivo, we found no immunostaining of
LXRβ in neurons of the substantia nigra in adult mice. Because the
LXRβ antibody has been extensively tested in the brain where it
stains neurons in the fetal and neonatal brain (23, 24), we are
confident in our finding that LXRβ is not expressed in adult neu-
rons, and conclude that an LXR agonist may not directly regulate
the expression of α-synuclein in dopaminergic neurons in vivo.
However, because nuclear receptors can be modified post-
transcriptionally, we cannot exclude the possibility that some
modification of the N terminus of LXRβ (which was the site of the
epitope used in raising the antibody) has occurred in the mature
neurons that leads to loss of the ability of the antibody to rec-
ognize the receptor. To address this issue we have also tried
a commercially available antibody (GTX89661; GeneTex) that

recognizes epitopes in the N terminus of LXRβ; however, with
this antibody, results were similar to those obtained with the one
raised in our laboratory.
Microglia, the macrophage-like resident glia, are the innate

immune cells in the CNS (39). Under neuropathological con-
ditions, microglia are rapidly activated in response to neuronal
damage. Microglia and astrocytes are thought to be the primary
sources of deleterious chemokines and cytokines that participate
in neuroinflammation. Both these cell types exhibit a reactive
phenotype in association with neurodegenerative disease. It is
currently thought that innate immunity significantly contributes to
dopaminergic neurodegeneration in PD (40). Microglia are acti-
vated in PD (8), inMPTP-intoxicated patients (41), and inMPTP-
induced animal models of PD. Activated microglia mediate the
neuroinflammatory response, and elevated inflammatory factors
lead to neurodegeneration of dopaminergic neurons in the
neighborhood of those neurons that had been damaged by MPTP
(8). Blocking microglial activation in theMPTP-induced model of
PD does attenuate dopaminergic neurodegeneration (13). In the
present study, GW3965 treatment of mice attenuated MPTP
toxicity in the dopaminergic neurons of the substantia nigra.
GW3965 reduced activation of microglia and astrocytes in the
substantia nigra of MPTP-treated mice. Inhibition of glial acti-
vation and reduction of glial-induced neurotoxicity by GW3965
appear to have prevented the loss of dopaminergic neurons in the
PD mouse model. The present study is in line with a study by
Zelcer et al. (42) showing that an LXR agonist inhibits the in-
flammation response of primary glial cell and increases phagocytic
capacity to fibrillar Aβ peptide in the setting of Alzheimer’s dis-
ease in vitro.
In summary, the present study demonstrates that LXRβ

mutation aggravates the MPTP-induced loss of dopaminergic
neurons and activation of glial cells in the substantia nigra.
GW3965 can reduce the activation of glial cells and reduce the

Fig. 4. Expression of microglia (Iba1) and astrocytes
(GFAP) in substantia nigra of WT and LXRβ−/− mice
treated with MPTP. (A, B, E, F, and Q) In WT and
LXRβ−/− mice treated with saline, there were a few
Iba1-positive cells with small cell bodies and long
and thin ramified processes in substantia nigra (P >
0.05). (C, G, and Q) After treatment of WT mice with
MPTP, the number of Iba1-positive cells increased
(**P < 0.01 vs. WT mice treated with saline), and
these cells had larger cell bodies and poorly ramified
short and thick processes in substantia nigra pars
compacta. (D, H, and Q) In LXRβ−/− mice treated with
MPTP, there were more activated microglia in sub-
stantia nigra pars compacta than in WT mice treated
with MPTP (**P < 0.01 vs. WT treated with MPTP).
(I, J, M, N, and R) GFAP was mainly expressed in
substantia nigra pars reticularis of WT and LXRβ−/−

mice treated with saline, with a few positive cells in
the pars compacta. (K, O, and R) After MPTP in-
toxication, GFAP expression was increased in both
pars compacta and reticularis of WT mice (**P < 0.01
vs. WT mice treated with saline). (L, P, and R) In
LXRβ−/− mice treated with MPTP, there were more
activated astrocytes with more processes in sub-
stantia nigra (*P < 0.05 vs. WT treated with MPTP).
(Q) Density of Iba1-positive microglia in substantia
nigra. (R) Density of GFAP-positive astrocytes in
substantia nigra (WT mice treated with saline, n = 5;
LXRβ−/− mice treated with saline, n = 3; WT mice
treated with MPTP, n = 4; LXRβ−/− mice treated with
MPTP, n = 3). E–H and M–P are magnified views for
A–D and I–L, respectively. (Scale bars: A–D and I–L,
100 μm; E–H and M–P, 50 μm.)
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MPTP-induced loss of dopaminergic neurons. Our results
suggest that LXR agonists may have a role in therapeutic in-
tervention in PD and perhaps other neurodegenerative dis-
eases where neuroinflammation plays an important role in
pathogenesis.

Materials and Methods
Materials. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridinehydrochloride (MPTP
HCl) was purchased from Toronto Research Chemicals. LXR agonist GW3965
(3-[3-[N-(2-chloro-3-trifluoromethylbenzyl)-(2,2-diphenylethyl) amino]propy-
loxy]phenylacetic acid hydrochloride) was purchased from Sigma-Aldrich.

Mice. All mice were 8-wk-old males purchased from Taconic. To detect the
sensitivity of LXRβ−/− mice to MPTP, LXRβ−/− mice and C57BL/6J (WT litter-
mates) mice were treated with MPTP; WT and LXRβ−/− control mice were
treated with saline only. To examine the use of GW3965 in the MPTP mouse
model, 15 WT mice were divided randomly into three groups: (i) WT control;
(ii) WT treated with MPTP and vehicle [DMSO/saline (1/10)]; (iii) WT treated
with MPTP and GW3965. For MPTP intoxication, mice received four i.p.
injections of MPTP HCl (16 mg/kg of free base; Toronto Research Chemicals)
in saline at 2-h intervals, and control mice received only saline (13).
GW3965 was dissolved in DMSO/saline (1/10); GW3965 (20 mg/kg) was
administered s.c. daily for 7 d starting 3 h after the last MPTP injection (43).

Mice were housed in a room of standard temperature (22 ± 1 °C) with
a regular 12-h light/12-h dark cycle and given free access to water and
standard rodent chow. All animal experiments were carried out according
to the National Institutes of Health Guide for the Care and Use of Labo-
ratory Animals (44) and approved by the National Animal Experiment
Board, Finland. To detect the sensitivity of LXRβ−/− mice to MPTP, mice
were killed 48 h after the last injection of MPTP. To evaluate the effect of
GW3965 on the MPTP mouse model, mice were killed 24 h after the last
GW3965 treatment. All mice were terminally anesthetized by pentobarbi-
tal (60 mg/kg Mebunat; Orion Pharma) and transcardially perfused with
heparinized (2.5 IU/mL) saline followed by 4% (wt/vol) paraformaldehyde
in 0.1 M PBS (pH 7.4). All brains were dissected and postfixed in the same
fixative overnight at 4 °C. After fixation, brains were processed for paraffin
sections (5 μm).

Immunohistochemistry. Paraffin sections were deparaffinized in xylene,
rehydrated through graded alcohol, and processed for antigen retrieval by
boiling in 10 mM citrate buffer (pH 6.0) for 2–3 min. Sections were in-
cubated in 3% H2O2 in PBS for 20 min at room temperature to quench
endogenous peroxidase. To block nonspecific binding, sections were in-
cubated in 3% BSA for 20 min, and then a biotin blocking system (Dako)
was used to block endogenous biotin. Sections were then incubated with
anti-TH (1:100; Santa Cruz Biotechnology), anti-Iba1 (1:400; Abcam), anti-
GFAP (1:400; Santa Cruz Biotechnology), and anti-LXRβ (1:1,000; made in

Fig. 5. Expression of Iba1 and GFAP in the sub-
stantia nigra of MPTP-intoxicated WT mice treated
with GW3965 or vehicle for 7 d. (A and D) In WT
mice treated with saline, there were a few Iba1-
positive resting microglial cells in substantia nigra.
(B, E, and M) After MPTP intoxication, the number
of Iba1-positive cells increased (**P < 0.01 vs. WT
mice treated with saline). These cells had larger cell
bodies and poorly ramified short and thick processes
in substantia nigra pars compacta. (C, F, and M) In
the GW3965 treatment group, there were far fewer
Iba1-positive cells in substantia nigra pars compacta
(**P < 0.01 vs. MPTP WT treated with vehicle), and
these Iba1-positive cells had small cell bodies and
long and thin ramified processes. (G, J, and N)
Scattered GFAP-positive cells (astrocytes) were lo-
cated in substantia nigra pars reticularis of WT mice
treated with saline. (H, K, and N) After MPTP
treatment, the number of GFAP-positive cells with
more processes increased in both pars compacta and
reticularis (**P < 0.01 vs. WT mice treated with sa-
line). (I, L, and N) In the GW3965 treatment group,
there were fewer GFAP-positive cells in the sub-
stantia nigra pars compacta (*P < 0.05 vs. MPTP WT
treated with vehicle). (M) Density of Iba1-positive
microglia in substantia nigra. (N) Density of GFAP-
positive astrocytes in substantia nigra (WT mice
treated with saline, n = 5; MPTP WT mice treated
with vehicle, n = 4; MPTP WT mice treated with
GW3965, n = 4). D–F and J–L are magnified views for
A–C and G–I, respectively. (Scale bars: A–C and G–I,
100 μm; D–F and J–L, 50 μm.)
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Jan-Ake Gustafsson’s laboratory) at 4 °C after blocking nonspecific binding
in 3% BSA. BSA replaced primary antibodies in negative controls. After
washing, sections were incubated with goat HRP polymer kit (Biocare
Medical; GHP516) for 30 min at room temperature, followed by 3,3-dia-
minobenzidine tetrahydrochloride as the chromogen (45, 46). The number
of TH-positive neurons of the substantia nigra in each mouse was counted
under light microscopy as described previously (47–49).

Data Analysis. Data are expressed as mean ± SD. Statistical comparisons were
made using a one-way ANOVA followed by a Newman–Keuls post hoc test.
P < 0.05 was considered to indicate statistical significance.

ACKNOWLEDGMENTS. This study was supported by grants from the
Emerging Technology Fund of Texas, the Robert A. Welch Fund Grant
E-0044, and the Swedish Science Council.

1. Fahn S, Przedborski S (2000) in Merritt’s Neurology, ed Rowland, LP (Lippincott Williams
& Wilkins, New York), pp 679–693.

2. Dauer W, Przedborski S (2003) Parkinson’s disease: Mechanisms and models. Neuron
39:889–909.

3. Kostic V, Przedborski S, Flaster E, Sternic N (1991) Early development of levodopa-
induced dyskinesias and response fluctuations in young-onset Parkinson’s disease.
Neurology 41:202–205.

4. Whitton PS (2007) Inflammation as a causative factor in the aetiology of Parkinson’s
disease. Br J Pharmacol 150:963–976.

5. Banati RB, Gehrmann J, Schubert P, Kreutzberg GW (1993) Cytotoxicity of microglia.
Glia 7:111–118.

6. Hopkins SJ, Rothwell NJ (1995) Cytokines and the nervous system. I: Expression and
recognition. Trends Neurosci 18:83–88.

7. Teismann P, Ferger B (2001) Inhibition of the cyclooxygenase isoenzymes COX-1 and
COX-2 provide neuroprotection in the MPTP-mouse model of Parkinson’s disease.
Synapse 39:167–174.

8. McGeer PL, Itagaki S, Akiyama H, McGeer EG (1988) Rate of cell death in parkinsonism
indicates active neuropathological process. Ann Neurol 24:574–576.

9. Hirsch EC, Hunot S, Damier P, Faucheux B (1998) Glial cells and inflammation in
Parkinson’s disease: A role in neurodegeneration? Ann Neurol 44(3, Suppl 1):
S115–S120.

10. Hirsch EC, Hunot S (2009) Neuroinflammation in Parkinson’s disease: A target for
neuroprotection? Lancet Neurol 8:382–397.

11. Przedborski S, et al. (2000) The parkinsonian toxin MPTP: Action and mechanism.
Restor Neurol Neurosci 16:135–142.

12. Liberatore GT, et al. (1999) Inducible nitric oxide synthase stimulates dopaminergic
neurodegeneration in the MPTP model of Parkinson disease. Nat Med 5:1403–1409.

13. Wu DC, et al. (2002) Blockade of microglial activation is neuroprotective in the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson disease.
J Neurosci 22:1763–1771.

14. Janowski BA, Willy PJ, Devi TR, Falck JR, Mangelsdorf DJ (1996) An oxysterol signalling
pathway mediated by the nuclear receptor LXR alpha. Nature 383:728–731.

15. Janowski BA, et al. (1999) Structural requirements of ligands for the oxysterol liver
X receptors LXRalpha and LXRbeta. Proc Natl Acad Sci USA 96:266–271.

16. Mitro N, Vargas L, Romeo R, Koder A, Saez E (2007) T0901317 is a potent PXR ligand:
implications for the biology ascribed to LXR. FEBS Lett 581:1721–1726.

17. Glass CK, Rosenfeld MG (2000) The coregulator exchange in transcriptional functions
of nuclear receptors. Genes Dev 14:121–141.

18. Tontonoz P, Mangelsdorf DJ (2003) Liver X receptor signaling pathways in cardio-
vascular disease. Mol Endocrinol 17:985–993.

19. Glass CK, Saijo K (2010) Nuclear receptor transrepression pathways that regulate in-
flammation in macrophages and T cells. Nat Rev Immunol 10:365–376.

20. Repa JJ, Mangelsdorf DJ (2000) The role of orphan nuclear receptors in the regulation
of cholesterol homeostasis. Annu Rev Cell Dev Biol 16:459–481.

21. Edwards PA, Kast HR, Anisfeld AM (2002) BAREing it all: The adoption of LXR and FXR
and their roles in lipid homeostasis. J Lipid Res 43:2–12.

22. Annicotte JS, Schoonjans K, Auwerx J (2004) Expression of the liver X receptor alpha
and beta in embryonic and adult mice. Anat Rec A Discov Mol Cell Evol Biol 277:
312–316.

23. Fan X, Kim HJ, Bouton D, Warner M, Gustafsson JA (2008) Expression of liver X re-
ceptor beta is essential for formation of superficial cortical layers and migration of
later-born neurons. Proc Natl Acad Sci USA 105:13445–13450.

24. Tan XJ, et al. (2010) Liver X receptor beta and thyroid hormone receptor alpha in
brain cortical layering. Proc Natl Acad Sci USA 107:12305–12310.

25. Andersson S, Gustafsson N, Warner M, Gustafsson JA (2005) Inactivation of liver
X receptor beta leads to adult-onset motor neuron degeneration in male mice. Proc
Natl Acad Sci USA 102:3857–3862.

26. Kim HJ, et al. (2008) Liver X receptor beta (LXRbeta): A link between beta-sitosterol
and amyotrophic lateral sclerosis-Parkinson’s dementia. Proc Natl Acad Sci USA 105:
2094–2099.

27. Joseph SB, Castrillo A, Laffitte BA, Mangelsdorf DJ, Tontonoz P (2003) Reciprocal
regulation of inflammation and lipid metabolism by liver X receptors. Nat Med 9:
213–219.

28. Zhang-Gandhi CX, Drew PD (2007) Liver X receptor and retinoid X receptor agonists
inhibit inflammatory responses of microglia and astrocytes. J Neuroimmunol 183:
50–59.

29. Hindinger C, et al. (2006) Liver X receptor activation decreases the severity of ex-
perimental autoimmune encephalomyelitis. J Neurosci Res 84:1225–1234.

30. Defaux A, Zurich MG, Braissant O, Honegger P, Monnet-Tschudi F (2009) Effects of the
PPAR-beta agonist GW501516 in an in vitro model of brain inflammation and anti-
body-induced demyelination. J Neuroinflammation 6:15.

31. Swanson CR, et al. (2011) The PPAR-γ agonist pioglitazone modulates inflammation
and induces neuroprotection in parkinsonian monkeys. J Neuroinflammation 8:91.

32. Wang L, et al. (2002) Liver X receptors in the central nervous system: From lipid ho-
meostasis to neuronal degeneration. Proc Natl Acad Sci USA 99:13878–13883.

33. Cheng D, Kim WS, Garner B (2008) Regulation of alpha-synuclein expression by liver
X receptor ligands in vitro. Neuroreport 19:1685–1689.

34. Spillantini MG, et al. (1997) Alpha-synuclein in Lewy bodies. Nature 388:839–840.
35. Crowther RA, Daniel SE, Goedert M (2000) Characterisation of isolated alpha-synu-

clein filaments from substantia nigra of Parkinson’s disease brain. Neurosci Lett 292:
128–130.

36. Hoyer W, et al. (2002) Dependence of alpha-synuclein aggregate morphology on
solution conditions. J Mol Biol 322:383–393.

37. Rantham Prabhakara JP, et al. (2008) Differential effects of 24-hydroxycholesterol
and 27-hydroxycholesterol on tyrosine hydroxylase and alpha-synuclein in human
neuroblastoma SH-SY5Y cells. J Neurochem 107:1722–1729.

38. Marwarha G, Rhen T, Schommer T, Ghribi O (2011) The oxysterol 27-hydrox-
ycholesterol regulates α-synuclein and tyrosine hydroxylase expression levels in hu-
man neuroblastoma cells through modulation of liver X receptors and estrogen
receptors—relevance to Parkinson’s disease. J Neurochem 119:1119–1136.

39. Saijo K, Glass CK (2011) Microglial cell origin and phenotypes in health and disease.
Nat Rev Immunol 11:775–787.

40. Block ML, Zecca L, Hong JS (2007) Microglia-mediated neurotoxicity: Uncovering the
molecular mechanisms. Nat Rev Neurosci 8:57–69.

41. Langston JW, et al. (1999) Evidence of active nerve cell degeneration in the substantia
nigra of humans years after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine exposure.
Ann Neurol 46:598–605.

42. Zelcer N, et al. (2007) Attenuation of neuroinflammation and Alzheimer’s disease
pathology by liver x receptors. Proc Natl Acad Sci USA 104:10601–10606.

43. Ghosh A, et al. (2009) Simvastatin inhibits the activation of p21ras and prevents the
loss of dopaminergic neurons in a mouse model of Parkinson’s disease. J Neurosci 29:
13543–13556.

44. Committee on Care and Use of Laboratory Animals (1985) Guide for the Care and Use
of Laboratory Animals (Natl Inst Health, Bethesda), DHHS Publ No (NIH) 85–23.

45. Tan XJ, et al. (2012) Reduction of dendritic spines and elevation of GABAergic sig-
naling in the brains of mice treated with an estrogen receptor β ligand. Proc Natl
Acad Sci USA 109:1708–1712.

46. Tan XJ, Dai YB, Wu WF, Warner M, Gustafsson JÅ (2012) Anxiety in liver X receptor β
knockout female mice with loss of glutamic acid decarboxylase in ventromedial
prefrontal cortex. Proc Natl Acad Sci USA 109:7493–7498.

47. Araki T, et al. (2001) Biochemical and immunohistological changes in the brain of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mouse. Eur J Pharm Sci
12:231–238.

48. Oida Y, et al. (2006) Rifampicin attenuates the MPTP-induced neurotoxicity in mouse
brain. Brain Res 1082:196–204.

49. Marazziti D, et al. (2004) Altered dopamine signaling and MPTP resistance in mice
lacking the Parkinson’s disease-associated GPR37/parkin-associated endothelin-like
receptor. Proc Natl Acad Sci USA 101:10189–10194.

Dai et al. PNAS | August 7, 2012 | vol. 109 | no. 32 | 13117

N
EU

RO
SC

IE
N
CE


