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Nurr1 and Retinoid X Receptor Ligands Stimulate Ret
Signaling in Dopamine Neurons and Can Alleviate
�-Synuclein Disrupted Gene Expression
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�-synuclein, a protein enriched in Lewy bodies and highly implicated in neurotoxicity in Parkinson’s disease, is distributed both at nerve
terminals and in the cell nucleus. Here we show that a nuclear derivative of �-synuclein induces more pronounced changes at the gene
expression level in mouse primary dopamine (DA) neurons compared to a derivative that is excluded from the nucleus. Moreover, by RNA
sequencing we analyzed the extent of genome-wide effects on gene expression resulting from expression of human �-synuclein in
primary mouse DA neurons. The results implicated the transcription factor Nurr1 as a key dysregulated target of �-synuclein toxicity.
Forced Nurr1 expression restored the expression of hundreds of dysregulated genes in primary DA neurons expressing �-synuclein, and
therefore prompted us to test the possibility that Nurr1 can be pharmacologically targeted by bexarotene, a ligand for the retinoid X
receptor that forms heterodimers with Nurr1. Although our data demonstrated that bexarotene was ineffective in neuroprotection in rats
in vivo, the results revealed that bexarotene has the capacity to coregulate subsets of Nurr1 target genes including the receptor tyrosine
kinase subunit Ret. Moreover, bexarotene was able to restore dysfunctional Ret-dependent neurotrophic signaling in �-synuclein-
overexpressing mouse DA neurons. These data highlight the role of the Nurr1–Ret signaling pathway as a target of �-synuclein toxicity
and suggest that retinoid X receptor ligands with appropriate pharmacological properties could have therapeutic potential in Parkinson’s
disease.

Introduction
Parkinson’s disease (PD) is the most common neurodegenerative
motor disorder characterized by the progressive degeneration of

dopamine (DA) neurons in the substantia nigra (SN) pars com-
pacta and the formation of intraneuronal Lewy bodies containing
misfolded �-synuclein (Lees et al., 2009). Current treatments for
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Significance Statement

How �-synuclein, a protein enriched in Lewy bodies in Parkinson’s disease, is causing neuropathology in dopamine neurons
remains unclear. This study elucidated how �-synuclein is influencing gene expression and how Nurr1, a transcription factor
known to protect dopamine neurons against �-synuclein toxicity, can counteract these effects. Moreover, given the protective role
of Nurr1, this study also investigated how Nurr1 could be pharmacologically targeted via bexarotene, a ligand of Nurr1’s het-
erodimerization partner retinoid X receptor (RXR). The results showed that RXR ligands could increase neurotrophic signaling,
but provided a mixed picture of its potential in a Parkinson’s disease rat model in vivo. However, this study clearly emphasized
Nurr1’s neuroprotective role and indicated that other RXR ligands could have therapeutic potential in Parkinson’s disease.
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PD alleviate motor symptoms by DA replacement using levodopa
and/or DA receptor agonists. However, these treatments do not
block or slow neurodegeneration, and they become progressively
ineffective as disease develops. There is thus a major need for new
neuroprotective strategies that can be used alone or in combina-
tion with existing treatments (Smith et al., 2012).

Since the initial identification of �-synuclein as a protein lo-
calized to the presynapse and in the nucleus, nuclear localization
of �-synuclein has been verified in a number of studies (Maro-
teaux et al., 1988; Goers et al., 2003; Specht et al., 2005; Yu et al.,
2007). However, �-synuclein-induced toxicity has mostly been
characterized as a consequence of �-synuclein expression in the
cytoplasm and nerve terminals, and the impact of nuclear
�-synuclein on disease remains largely unexplored. Interestingly,
studies in a Drosophila model of DA neuron dysfunction indi-
cated that the nuclear form of �-synuclein is the main mediator
of toxicity, and other studies indicate that �-synuclein influences
acetylation of histones and may have other detrimental effects in
the nucleus linked to dysregulated gene expression (Kontopoulos
et al., 2006; Jin et al., 2011; Decressac et al., 2012, 2013b).

Previous studies have pointed out that one of the nuclear
targets that may be relevant in PD pathology is the transcription
factor Nurr1. Nurr1 is not only essential for the differentiation of
midbrain DA neurons during development, but is also required
for the maintenance of DA neurons in the adult brain (Zetter-
strom et al., 1997; Castillo et al., 1998; Saucedo-Cardenas et al.,
1998; Smidt and Burbach, 2007; Kadkhodaei et al., 2009, 2013).
Genetic variants of Nurr1 have been associated with PD, and
Nurr1 has been shown to be downregulated in DA neurons con-
taining �-synuclein-rich inclusions in postmortem PD brain tis-
sue (Chu et al., 2002; Moran et al., 2007; for review, see Decressac
et al., 2013a). Notably, Nurr1 and several of its transcriptional
targets including Ret, the signaling receptor for glial cell line-
derived neurotrophic factor (GDNF), are downregulated in mid-
brain DA neurons in rodent PD models expressing high levels of
�-synuclein (for review, see Decressac et al., 2013a). Ret down-
regulation was shown to contribute to the inability of GDNF to
exert its normal neurotrophic signaling activity in �-synuclein
overexpressing DA neurons. Moreover, Nurr1 gene ablation
in adult DA neurons results in increased vulnerability to
�-synuclein, and, reciprocally, forced Nurr1 expression by viral
vectors provides protection against �-synuclein toxicity in vivo
(Decressac et al., 2012).

Based on these previous findings, Nurr1 is potentially inter-
esting as a new target for therapeutic approaches in PD, and
compounds that would increase its activity might be used as PD-
modifying drugs. Nurr1 belongs to the family of ligand-activated
nuclear receptors, but it lacks identified ligands and the structure
of its ligand-binding domain indicates that small molecule li-
gands that can activate Nurr1 may be difficult to identify (Wang
et al., 2003). However, Nurr1 can form a heterodimer with the
nuclear retinoid X receptor (RXR), suggesting the possibility that
RXR ligands could be used to modulate Nurr1 activity (Forman
et al., 1995; Perlmann and Jansson, 1995). Interestingly, RXR
ligands have provided promising results in neuroprotection in
PD models (Yin et al., 2012; McFarland et al., 2013; Reiner et al.,
2014). Here we further addressed the significance of Nurr1 as a
drug target via activation of its heterodimerization partner RXR
in experiments performed both in primary cultures in vitro and
PD models in vivo. Moreover, to further understand the context
underlying Nurr1 downregulation by �-synuclein, we investi-
gated the impact of �-synuclein on global gene expression in DA
neurons, and we characterized the importance of the Nurr1–Ret–

GDNF pathway in the cellular defense against �-synuclein
pathology.

Materials and Methods
Immunohistochemistry. Cells were fixed in 2% paraformaldehyde for 30
min at room temperature, washed with PBS, blocked in PBS containing
0.3% Triton X-100 (Sigma) and 1% FCS (PAA Laboratories, GE Health-
care) for 1 h, and then incubated overnight at 4°C with the following
primary antibodies diluted in blocking solution: rabbit anti-phospho-S6
Ser 235/236 (Cell Signaling Technology; 1:500), mouse �-synuclein 211
(Santa Cruz Biotechnology; 1:100), and sheep anti-TH (Pel-Freeze;
1:500). Cells were then rinsed with PBS and incubated for 1 h at room
temperature with fluorochrome-conjugated secondary antibodies (Al-
exa, Invitrogen) diluted 1:400 in PBS. Finally, cells were rinsed with PBS
and examined using a Zeiss LSM5 Exciter confocal microscope. Cell
counting was done manually from eight randomly picked fields with a
10� objective. Statistical significance was calculated by one-way
ANOVA, and the data are presented as mean values � SEM of triplicate
samples.

Lentiviral infections. Lentiviral particles were produced as described
previously (Zufferey et al., 1997). Ret lentiviral particles were purchased
from GenTarget and concentrated by ultracentrifugation at 28000 rpm
for 2.5 h. Adherent primary cultures were transduced 48 h after seeding
with the indicated lentiviruses at a multiplicity of infection of 30. The
virus was removed after 48 h, and the cells were analyzed 5 d post infec-
tion, unless specified otherwise.

Constructs. The lentiviral expression vectors used were constructed by
subcloning the cDNAs of WT Nurr1, Nurr1-DIM (dimerization mu-
tant), and Nurr1-DBD (DNA binding mutant) (Castro et al., 2001), of
WT-, NES (Nuclar Export Signal)-, and NLS (Nuclear Localization
Signal)-�-synuclein (kind gifts from Dr. Mel Feany, Harvard Medical
School, Boston) into the lentiviral vector pRRLSIN.cPPT.PGK-
GFP.WPRE (Addgene) after removal of the enhanced green fluorescent
protein (eGFP) cDNA. The lentiviral red fluorescent protein (RFP) vec-
tor (pLenti-III-RenLuc-RFP) was purchased from Abmgood. The mouse
Ret cDNA (kind gift from Dr. Carlos Ibanez, Karolinska Institutet, Stock-
holm, Sweden) was introduced in an AAV2 transfer plasmid (Decressac
et al. 2012). For the downregulation of Nurr1, primary cultures were
infected with lentiviruses generated from scrambled (pLKO.1) or
shNurr1 Mission clones (Sigma) and fluorescence-activated cell sorting
(FACS) sorted 48 h after infection. For the coimmunoprecipitation ex-
periment, the ligand-binding domain of RXR together with an HA tag
were cloned in a pCMX vector containing the Gal4 DNA-binding do-
main (Wang et al., 2003).

Transfection and coimmunoprecipitation assay. HEK293T cells were
transfected with the lentiviral constructs for Nurr1 and the lentiviral
construct for �-synuclein or pCMX-Gal4-HA-RXR in 10 cm dishes with
Lipofectamine/Plus (Invitrogen) according to the manufacturer’s proto-
col. Transfected cells were harvested after 48 h in RIPA buffer (Sigma)
supplemented with protease inhibitor cocktail (Roche) and PMSF pro-
tease inhibitor (Invitrogen). Protein A/G beads (Sigma) were coated with
the mouse anti-�-synuclein 211 (Santa Cruz Biotechnology), rabbit anti-
Nurr1 E-20 (Santa Cruz Biotechnology), or mouse anti-HA antibodies
(Roche) and then incubated overnight with 50 �g of lysate. Beads were
washed three times with RIPA buffer, centrifuged at 5000 � g for 5 min,
boiled for 5 min in SDS sample buffer (Bio-Rad) supplemented with 10%
�-mercaptoethanol, and subjected to Western blot analysis.

Chemicals. GDNF was purchased from R & D Systems and resus-
pended in PBS containing 0.1% BSA. Bexarotene was purchased from
Sigma and resuspended in DMSO. The absolute volumes of DMSO
added to the cells were minimal (�0.5%) and did not affect cell survival.
RPI-1 was purchased from Sigma, resuspended in DMSO, and used at a
final concentration of 40 �M.

Real-time PCR analysis. Total RNA was prepared using the RNeasy
micro kit (Qiagen), treated with DNase (Qiagen), and reverse-
transcribed using SuperScriptIII (Invitrogen) and oligo (dT)12–18 (Invit-
rogen) primer. Real-time PCR was performed on the vIIA7 system
(Applied Biosystems) using Taqman Gene Expression Master Mix (Ap-
plied Biosystems) and Taqman Gene Expression Assays probes (Applied
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Biosystems). Gene expression values were normalized against Rpl19, and
fold change was calculated using the ��CT method (Livak and Schmit-
tgen, 2001). Statistical significance was calculated by one-way ANOVA,
and the data are presented as means � SEM (n � 3).

FACS sorting. Pitx3eGFP/� primary ventral midbrain cells were har-
vested using the MACS Neural Tissue Dissociation Kit (P) (Miltenyi
Biotec) and resuspended in phenol-free HBSS (Invitrogen). Samples
were filtered through cell strainer caps (35 �m; BD Biosciences) and
sorted for eGFP expression. Primary ventral midbrain (vMB) cultures
from embryonic day 13.5 (E13.5) wild-type C57/BL6 mice were used as a
control. FACS was performed using the FACSAria cell sorter and the
FACSDiva software (BD Biosciences). The population of interest, ex-
cluding debris and duplicates, was identified by forward and side scatter
gating. A 100 �m nozzle, sheath pressure of 20 –25 psi, and an acquisition
rate of 2000 –3000 events per second were used. Sorted cells were col-
lected in RNeasy lysis buffer (Qiagen), and samples were vortexed and
frozen on dry ice directly after acquisition.

Primary cultures. Primary ventral midbrain cultures were obtained
from E13.5 Pitx3eGFP/� mouse embryos. Briefly, the anlage of the
substantia nigra was microdissected, dissociated with the MACS Neu-
ral Tissue Dissociation Kit (P) (Miltenyi Biotec), and plated at 50,000
cells/mm 2 on poly-ornithine- and laminin-coated (Sigma) plates in
attachment medium consisting of stock medium DMEM/F-12/Neu-
robasal differentiation medium (Invitrogen) 1:1, 1� B27 (Invitro-
gen), 1� N2 (Invitrogen), 1 mM sodium pyruvate (Invitrogen), 0.25%
bovine serum albumin (Sigma), and 2 mM glutamine (Invitrogen),
after addition of 3% FCS (PAA Laboratories, GE Healthcare) and 20
ng/ml bFGF (R & D Systems). After 24 h, the medium was replaced
with differentiation medium consisting of stock medium supple-
mented with 100 �M ascorbic acid (Sigma) and 1% FCS. The first 48 h
after adhesion, the stock medium was also supplemented with 10
ng/ml recombinant human GDNF (R & D Systems) and 20 ng/ml
recombinant human BDNF (R & D Systems). For the downregulation
of Nurr1 expression by shNurr1, E11.5 primary cultures were pre-
pared using the same protocol, with the following modifications: the
Hedgehog agonist Hh-Ag1.3 (Curis) and FGF8 (R & D Systems) were
added to the attachment medium and the cells received proliferation
medium (stock medium supplemented with 20 ng/ml bFGF, 100
ng/ml FGF8, and 100 nM Hedgehog agonist Hh-Ag1.3) for 48 h before
the media was replaced with differentiation medium.

RNA sequencing. RNA concentration and integrity were assessed on
an Agilent RNA 6000 Pico chip using the Agilent 2100 BioAnalyzer
(Agilent Technologies). For the libraries presented in Figure 3, RNA
sequencing was performed using the SMARTer Ultra Low Input RNA
Kit for Illumina sequencing (Clontech), and the generated cDNA was
tagmentated, amplified, and purified using the Nextera XT DNA sam-
ple preparation kit (Illumina), whereas for libraries presented in Fig-
ure 4, the Smart-Seq2 protocol (Picelli et al., 2013) was used. The
cDNA libraries were run on high-sensitivity DNA chips on the Agilent
2100 BioAnalyzer and sequenced on an Illumina HiSeq 2000 system.
The clusters were exported into fastq files and analyzed by DESeq for
Figure 4 (Anders and Huber, 2010) and DESeq2 (Love et al., 2014) for
Figure 3, after removing the genes with mean RPKM (reads per kilo-
base of transcript per million mapped reads) values �1 in the DMSO/
RFP samples. Pathway enrichment analysis was performed using the
DAVID tools (Huang da et al., 2009). The cluster dendrogram in
Figure 4 was generated using the hclust script in R. Raw data have
been submitted to the NCBI (Gene Expression Omnibus accession
number GSE70368).

Statistical analysis. For comparisons between experimental groups,
the Student’s t test or one-way ANOVA was used, and the results are
presented as mean values � SEM with significance at *p � 0.05 and
**p � 0.01. In Figure 4, C, E, and G, the binomial test with two tails
was used to calculate the statistical significance. In Figure 4D, the p
values are corrected after multiple hypothesis testing with the Benja-
mini–Hochberg method (Benjamini and Hochberg, 1995). In Figure
4F, the following hypergeometric R phyper script was used was used
to calculate the probability of overlap between the two gene lists:
phyper (q, m, n, k, lower.tail � FALSE, log.p � FALSE), where q is the

size of overlap minus 1, m is the number of genes downregulated in
Nurr1-DATCreER animals, n is the total number of genes with an
RPKM value �1 in Nurr1-DATCreER animals minus the number of
genes downregulated in Nurr1-DATCreER animals, and k is the num-
ber of genes upregulated by bexarotene.

Animal strains. Adult female Sprague Dawley rats (Charles River Lab-
oratories) weighing 225–250 g at the time of surgery were housed two or
three per cage with ad libitum access to food and water during a 12 h
light/dark cycle. Pitx3eGFP/� heterozygous mutant mice have been de-
scribed by Zhao et al. (2004). All procedures were conducted in accor-
dance with the European Union Directive 2010/63/EU and approved by
the ethical committee for the use of laboratory animals in the Lund–
Malmö region.

Surgical procedures. All surgical procedures in rats were performed
under general anesthesia by intraperitoneal injection of a 20:1 fentanyl
citrate and medetomidin hypochloride mixture. Three injections of 7 �g
of 6-hydroxydopamine (6-OHDA) dissolved in 0.9% w/v NaCl contain-
ing 0.2 mg/ml ascorbic acid (Sigma) were injected in three different sites
of the striatum [(1) AP, �1.3; ML, �3.0; DV, �5.0 and �4.5; (2) AP,
�0.4; ML, �3.2; DV, �5.0 and �4.0; (3) AP, �0.4; ML, �3.8; DV, �5.0
and �4.0; flat scull position] at a rate of 0.2 �l/min. Human recombinant
GDNF (1 �g in 3 �l) was injected in the striatum at the following coor-
dinates according to Bregma, with flat scull position: AP, �0.5 mm; ML,
3 mm; DV, 4 mm below the dural surface. Vector injections were per-
formed unilaterally on the right side above the substantia nigra at the
following coordinates (flat skull position): AP, 5.3 mm behind bregma;
ML, 1.7 mm; DV, 7.2 mm below dural surface. Rats received 3 �l of
AAV-�-synuclein and AAV-GFP (see Fig. 5) or 3 �l of a 1:1 mixture of
AAV-�-synuclein and AAV-GFP or AAV-Ret (see Fig. 8) with a Hamil-
ton syringe fitted with a glass capillary at a rate of 0.2 �l/min, and the
needle was left in place for an additional 3 min before it was slowly
retracted.

Bexarotene treatment. Bexarotene was administered daily by oral ga-
vage at one of three doses, 1, 3, or 10 mg/kg. In the 6-OHDA lesioned rats,
the treatment was started on the day of 6-OHDA injection and continued
until the day before the animal was killed. In the AAV-�-synuclein ex-
periments, bexarotene treatment was started 1 week after vector injection
and continued until the day before the animal was killed.

AAV vector production. Production of AAV6-synapsin-�-synuclein,
AAV6-synapsin-eGFP, and AAV6-CBA-Ret was performed as described
previously (Decressac et al., 2012). Genome copy titers were determined
using real-time qPCR and were 1.2 � 10 13, 2.0 � 10 13, and 1.8 � 10 13

genome copies per milliliter for AAV6-synapsin-�-synuclein, AAV6-
synapsin-eGFP, and AAV6-synapsin-Ret, respectively. Dilution of the
batches was performed so that an equivalent number of genome copies
were injected.

Tissue processing and histological procedures. Animals were deeply anes-
thetized with intraperitoneal sodium pentobarbital (Apoteksbolaget)
and perfused with room-temperature saline (0.9% w/v) through the as-
cending aorta, followed by ice-cold 4% paraformaldehyde. The brains
were subsequently removed, post-fixed in the same fixative, and cryo-
protected for 24 – 48 h in 25% sucrose at 4°C before being cut on a Leica
microtome at 35 �m thickness. For immunohistochemistry, endogenous
peroxidases were blocked for 30 min in 10% H2O2/10% methanol in
PBS, and sections were preincubated for 1 h in blocking solution con-
taining 10% goat or donkey serum and 0.1% Triton X-100 in PBS. The
following antibodies diluted in blocking solution were applied overnight
at 4°C: rabbit TH (1:1500; Millipore Bioscience Research Reagents), rab-
bit phospho-S6 Ser235/236 (1:300; Cell Signaling Technology), mouse
�-synuclein 211 (1:3000; Santa Cruz Biotechnology), and goat anti-
GDNF (1:1000; R & D Systems). After rinses with PBS, biotinylated-
conjugated secondary antibodies (1:200; Jackson ImmunoResearch
Laboratories) diluted in 10% goat or donkey serum in PBS were ap-
plied for 1 h at room temperature, followed by incubation with
streptavidin-horseradish peroxidase complex (ABC kit, Vector Lab-
oratories) for 1 h and subsequent exposure to diaminobenzidine
(DAB kit, Vector Laboratories).

Analysis of protein expression by Western Blot. Cells were lysed in RIPA
buffer (Sigma) supplemented with phosphatase inhibitor and protease
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inhibitor cocktail (1:100; Sigma). For the experiment described in Figure
1D, nuclear and cytoplasmic extracts were performed using the protocol
described by Dignam et al. (1983). Protein concentration was deter-
mined using the BCA Protein Assay Kit (Thermo Fisher Scientific), and
equal amounts of protein (20 –30 �g) were resolved on SDS-
polyacrylamide gels and blotted onto nitrocellulose membranes (Invit-
rogen). After transfer, the membranes were washed with PBS and
saturated with 10% skim milk in TBS containing 0.1% Tween 20 (TBS-T)
for 1 h at room temperature and then incubated overnight at 4°C with the
following primary antibodies in PBS-T containing 5% milk: rabbit anti-
actin (1:5000; Sigma), rabbit anti-H3 (1:1000; Diagenode), mouse anti-
tuj1 (1:1000; Covance), and rabbit anti-�-synuclein (1:1000; Millipore).
For the coimmunoprecipitation experiment, the following antibodies
were used: mouse anti-�-synuclein 211 (Santa Cruz Biotechnology;
1:100), rabbit anti-Nurr1 E-20 (Santa Cruz Biotechnology; 1:1000), and
mouse anti-HA (Roche; 1:2000). After washing with TBS-T, membranes
were incubated for 1 h at room temperature with horseradish
peroxidase-coupled antibodies (1:10,000; Thermo Fisher Scientific). La-
beling was performed as described in the GE Healthcare ECL Plus detec-
tion kit, and chemiluminescence was determined with an ImageQuant
LAS 4000 Mini image analyzer (GE Healthcare; Fujifilm Photo Film).

Behavioral testing. Assessment of drug-induced rotational behavior
was performed as described previously (Ungerstedt and Arbuthnott,
1970). Rats received an intraperitoneal injection of 2.5 mg/kg
D-amphetamine sulfate (Apoteksbolaget), and the right and left full body
turns were recorded over a period of 90 min in automated bowls coupled
to the Rotameter software (AccuScan Instruments). Data are expressed
as net full turns per minute, with turns ipsilateral to the injection site
assigned a positive value. For the cylinder test, rats were put in a glass
cylinder, a total of 20 forepaw touches were counted, and the percentage
of left paw touches was determined.

Stereological cell counting and optical densitometry analysis. The total
number of TH-positive neurons in the substantia nigra was determined
by unbiased stereology according to the optical fractionator principle
using the MicroBrightField StereoInvestigator 10.31 software. Every
sixth section covering the entire extent of the substantia nigra was in-
cluded in the counting procedure. A coefficient error of �0.1 was ac-
cepted. The data are expressed as a percentage of the corresponding area
from the intact side. The mean density per cell of TH/�-synuclein-
positive fibers was measured by optical densitometry in three striatal
sections sampled at 0.3, 0.7, and 1.6 mm rostral to bregma using the
ImageJ software (NIH). The mean density of phospho-S6 staining per
cell was measured in the nigral TH� neurons. Pixel brightness was mea-
sured in a randomly selected brain hemisphere, and the measured values
were corrected for nonspecific background staining by subtracting values
obtained from the cortex. The data are expressed as a percentage of the
corresponding area from the intact side.

Results
Nuclear localization of �-synuclein disrupts gene expression
To gain a deeper insight into the effects of �-synuclein on gene
expression, we expressed human �-synuclein in primary vMB
cultures obtained from E13.5 embryos derived from a heterozy-
gous mouse strain expressing eGFP from the Pitx3 gene locus
(Pitx3eGFP/�) with highly selective eGFP expression in midbrain
postmitotic DA neurons (Zhao et al., 2004). Lentivirus-mediated
overexpression of full-length human �-synuclein (L-�-syn-WT)
recapitulated the effects on gene expression seen after AAV-
mediated overexpression of �-synuclein in the substantia nigra in
rats (Decressac et al., 2012). Accordingly, the same DA neuron
markers were downregulated and one of the analyzed markers
(Gfr�1) was unaffected 5 d after infection (Fig. 1A). At this time
point, DA neurons appeared morphologically normal (Fig. 1B).
At later stages, a progressive toxicity was apparent with frag-
mented DA neuron dendrites at day 10 and DA neuron degener-
ation at day 15 (Fig. 1B).

To address whether nuclear or cytoplasmic expression of
�-synuclein causes disrupted gene expression, primary ventral
midbrain cultures were infected with either L-�-syn-WT or
with lentiviruses overexpressing genetically altered variants of
�-synuclein. These variants contain either a C-terminal
nuclear localization signal (in L-�-syn-NLS lentivirus) or
a nuclear export signal (in L-�-syn-NES lentivirus). Immuno-
cytochemical and Western blot analysis of primary neurons
showed that the NES- and NLS-containing �-synuclein vari-
ants were expressed at similar levels and predominantly local-
ized to the cytoplasm and the nucleus respectively, whereas
wild-type �-synuclein localized in both compartments of
DA neurons (Fig. 1C,D). Importantly, the nuclear form of
�-synuclein had a significantly more profound effect on gene
expression compared to wild-type �-synuclein, as seen by the
downregulation of a panel of DA neuron markers. In contrast,
the NES-coupled �-synuclein variant exhibited a much milder
disruption of gene expression (Fig. 1A). These data indicate
that nuclear, and to a much lesser extent, cytoplasmic, over-
expression of �-synuclein results in rapid disruption of gene
expression in DA neurons.

Nurr1 protects against �-synuclein-induced disruption of
gene expression in primary DA neurons
We showed previously that forced expression of Nurr1 protects
against �-synuclein toxicity in vivo (Decressac et al., 2012). At the
level of gene expression, this effect was closely recapitulated in
vitro in primary cultures as seen after cotransduction of
�-synuclein and Nurr1 using lentivirus vectors (L-�-syn-WT
and L-Nurr1, respectively; Fig. 2). The same panel of DA neuron
markers was analyzed after transduction with L-�-syn-WT to-
gether with vectors for either L-Nurr1 or a mutated derivative of
Nurr1 (L-Nurr1-DIM). Nurr1-DIM harbors a specific mutation
that renders it unable to form heterodimers with RXR while re-
taining its ability to regulate transcription as a monomer or ho-
modimer (Castro et al., 2001). Interestingly, L-Nurr1 and
L-Nurr1-DIM vectors were equally efficient in protecting cells
against �-synuclein-induced overexpression. In contrast, and as
expected, a vector for a DNA binding-deficient derivative of
Nurr1 (L-Nurr1-DBD) did not protect against effects of
�-synuclein on gene expression (Fig. 2A). In additional experi-
ments we noted that L-Nurr1 did not interact with �-synuclein in
a coimmunoprecipitation assay, nor did it affect lentivirus-
mediated or endogenous �-synuclein expression levels, subcellu-
lar localization, or oligomerization (Fig. 2B–D). In conclusion,
Nurr1 does not require heterodimerization with RXR for its abil-
ity to block the effects of forced �-synuclein expression on gene
expression.

To analyze Nurr1 protection in more depth, we first analyzed
the extent of �-synuclein-disrupted gene expression by global
gene expression analysis using massively parallel mRNA sequenc-
ing (RNAseq). Primary vMB cultures obtained from E13.5
Pitx3eGFP/� embryos were infected with lentiviruses for RFP as a
control or L-�-syn-WT alone or together with L-Nurr1 for 5 d.
To identify differentially expressed transcripts, we used DESeq2
statistical analysis based on a model using negative binomial dis-
tribution (Love et al., 2014). This test identified hundreds of
genes whose expression changed significantly in cultures infected
with L-�-syn-WT (Fig. 3A; p value adjusted for multiple testing
(padj) � 0.05). Twenty-five genes were upregulated more than
threefold, whereas 57 genes where downregulated more than
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threefold. Importantly, Nurr1 overexpression restored the ex-
pression of approximately half of the genes significantly upregu-
lated or downregulated by �-synuclein, thus underscoring the
potency of Nurr1 in protection against the effects of forced
�-synuclein expression.

In the infected vMB cultures, DA neurons constitute only a mi-
nority of all cells. Thus, the observed dysregulation may to a
large extent originate from �-synuclein-induced effects in
nondopaminergic cells. To determine the effects of
�-synuclein and Nurr1 on gene expression specifically in DA
neurons, we therefore focused on DA neuron-specific genes
identified by comparing the expression profile of eGFP-

positive DA neurons with eGFP-negative cells isolated by
FACS from the midbrain of E13.5 Pitx3eGFP/� embryos. This
generated a list of 284 genes that are highly specific for DA
neurons and therefore referred to as the “DA signature.” All
expected markers including Th, Nurr1 (Nr4a2), Pitx3,
�-synuclein, Ret, Vmat2 (Slc18a2), and Dat (Slc6a3) are represented
in the DA signature. �-Synuclein overexpression resulted in dys-
regulation of 28% (81 of 284) of these genes (padj � 0.05,) of which
58 were downregulated and 23 were upregulated (Fig. 3B,C). Inter-
estingly, Nurr1 overexpression rescued the abnormal expression of
63.7% (37 of 58) of the downregulated and 47.8% (11 of 23) of
upregulated DA signature genes (Fig. 3B). Together, at this early

Figure 1. Effects of WT, cytoplasmic (NES), and nuclear (NLS) �-synuclein on DA neuron marker expression. A–D, E13.5 mouse primary ventral midbrain cultures. A, qPCR analysis of
�-synuclein, Nurr1, Pitx3, and Nurr1 target genes after infection with �-synuclein/GFP lentiviruses. All data are represented as mean � SEM of the fold change normalized against Rpl19
levels; n � 3. *p � 0.05. B, Immunostaining showing �-synuclein and TH protein expression in primary cultures from dissected E13.5 ventral midbrains at the indicated time points
postinfection (p.i.) with �-synuclein or control lentiviruses. The arrowheads point to fragmented dendrites. The diagram on the right shows the number of TH� neuronal soma per
counted field (mean values � SEM; n � 3). ***p � 0.001. C, Expression of TH and �-synuclein analyzed by immunohistochemistry. Cultures were infected with control or �-synuclein
lentiviruses. D, Western blot analysis of �-synuclein in cytoplasmic (left) and nuclear (right) cell extracts from E13.5 mouse primary ventral midbrain cultures infected for 5 d with the
indicated lentiviruses. Tuj1 is used as a cytoplasmic marker and histone H3 as a nuclear marker. Scale bars: 50 �m.
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stage of �-synuclein toxicity (i.e., before any gross morphological
abnormalities are seen; Fig. 1B), a distinct battery of DA signature
genes is significantly dysregulated. Most importantly, Nurr1 is
highly efficient in blocking this toxic effect on transcription and
could therefore be considered a key player in protecting against
�-synuclein toxicity.

Effects of RXR ligands on gene
expression in primary DA neurons
As seen from the experiments above (Fig.
2), heterodimerization with RXR is not
essential for the ability of Nurr1 to block
�-synuclein-mediated repression of a few
selected DA neuron markers in primary
culture experiments. However, since we
tested the requirement of RXR on only a
limited set of selected markers, the exper-
iment did not exclude the possibility that
other Nurr1 target genes are normally reg-
ulated by Nurr1-RXR heterodimers. Im-
portantly, it also remains possible that
RXR, although not being an obligatory re-
quirement for Nurr1’s transcriptional
activity, may still form functional het-
erodimers with Nurr1 and that RXR li-
gands may potentiate the protective
effects of Nurr1. To address this possibil-
ity, we used bexarotene, a synthetic RXR
ligand currently in clinical use to treat cu-
taneous T-cell lymphoma (Duvic et al.,
2001). Bexarotene can cross the blood–
brain barrier (Cramer et al., 2012) and
was shown previously to efficiently and
selectively activate Nurr1-RXR het-
erodimers and protect DA neurons from
neurotoxins in vitro and in the in vivo
6-OHDA rat model of PD (McFarland et
al., 2013). Primary vMB cultures obtained
from E13.5 Pitx3eGFP/� embryos were
treated with 100 nM bexarotene for 24 h
and were then sorted by FACS to isolate
the eGFP-positive DA neurons. Isolated
mRNA was subjected to RNAseq to ana-
lyze the effects on gene expression. After
RNAseq, the Spearman correlation coeffi-
cient between biological replicates aver-
aged 0.98, indicating high correlation
between replicates, which clustered ac-
cording to treatment in a cluster dendro-
gram (Fig. 4A). DESeq statistical analysis
detected 776 genes significantly upregu-
lated in DA neurons treated with bexaro-
tene, whereas 993 genes were significantly
downregulated (Fig. 4B; padj � 0.05).

If RXR is important as a Nurr1 het-
erodimer partner in DA neurons, Nurr1-
regulated genes should be affected by
bexarotene. To address this question, vMB
cultures were infected with a lentivirus vec-
tor harboring a short hairpin (sh) RNA
against Nurr1 (L-shNurr1). After RNAseq
of eGFP cells isolated by FACS, 74.1% of the
DA neuron signature genes were expressed
at a lower level compared to control cul-

tures. This is a highly significant trend as determined by negative
binomial test (p � 5.08e-13) and is consistent with the significant
role for Nurr1 in the regulation of the DA phenotype (Fig. 4C). In
contrast, bexarotene treatment did not show a significant trend in
upregulation of the DA neuron signature genes (47%; p�0.393; Fig.
4C). Thus, these data indicate that Nurr1 does not function as a

Figure 2. Nurr1-mediated restoration of disrupted DA neuron gene expression after �-synuclein overexpression. A, qPCR
analysis of �-synuclein, Nurr1, Pitx3, and selected DA neuron markers after infection with eGFP or the indicated Nurr1 lentiviruses.
All data are represented as mean � SEM of the fold change normalized against Rpl19 levels; n � 3. B, Immunostaining showing
�-synuclein and TH protein expression in primary cultures from dissected E13.5 ventral midbrains 5 d after infection with control,
�-synuclein, or �-synuclein and Nurr1 lentiviruses. Scale bar, 50 �m. C, Western blot analysis of �-synuclein and actin in whole
cell extracts from E13.5 mouse primary ventral midbrain cultures infected for 5 d with control, �-synuclein, and �-synuclein, and
Nurr1 lentiviruses. D, Coimmunoprecipitation of overexpressed Nurr1 and �-synuclein (left) or Gal4-HA-RXR (positive control;
right) in HEK293T cells. *p � 0.05; **p � 0.01.
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heterodimer with RXR in the regulation of the DA neuron pheno-
type, as defined by the expression of the DA signature.

However, additional findings indicated that RXR has poten-
tial for coregulating other categories of Nurr1 target genes. Thus,
the most significant gene ontology term that was found to be
upregulated by bexarotene corresponds to genes involved in ox-
idative phosphorylation (Fig. 4D), a category of genes also regu-
lated by Nurr1 (Kadkhodaei et al., 2013). After infection with
L-shNurr1, 90.4% of genes involved in oxidative phosphoryla-
tion were lower than in controls, which confirmed our previous
results in vivo and is a highly significant trend as determined by
negative binomial test (p � 2.38e-11). A similar and highly sig-
nificant opposite trend (p � 2.2e-16) was seen after bexarotene
treatment showing that 93.7% of genes involved in oxidative

phosphorylation are expressed at a higher level compared to con-
trols (Fig. 4E). Thus, these observations indicate that Nurr1 and
RXR may function together in regulation of oxidative phosphor-
ylation in DA neurons.

Finally, we wished to analyze genes that were significantly
(padj � 0.05) upregulated by bexarotene and see to what extent
they overlap with genes downregulated in adult Nurr1-ablated
DA neurons (Kadkhodaei et al., 2013). Thirty-five of the 168
genes downregulated in Nurr1-ablated DA neurons were signif-
icantly upregulated by bexarotene (Fig. 4F). Of note, the majority
of Nurr1-regulated genes (76.9%) were expressed at a higher
value compared to control cultures. By negative binomial test,
this is again highly significant (p � 4.17e-09) and indicates a
potential for RXR coregulation also of this category of adult

Figure 3. RNA sequencing of Pitx3-eGFP primary midbrain DA cultures infected with �-synuclein or �-synuclein and Nurr1 lentiviruses. A, B, Volcano plots showing all genes (A) or DA signature
genes (B) with RPKM values �1 after infection of E13.5 primary ventral midbrain cultures with �-synuclein or �-synuclein and Nurr1 lentiviruses. The negative log10 transformed p values (y-axis)
test the null hypothesis of no difference in expression levels and are plotted against the average log2 fold changes in expression (x-axis). Genes in yellow are differentially expressed with an absolute
log2 fold change �1. C, Tables showing the DA signature genes significantly upregulated/downregulated after �-synuclein overexpression.
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Figure 4. RNA sequencing of FACS-sorted Pitx3-eGFP DA neurons treated with bexarotene or vehicle. A, Cluster dendrogram showing the similarity between the different RNASeq samples based
on their Spearman correlation. B, Table showing the number of genes with an RPKM value �1 that are upregulated or downregulated by bexarotene (padj � 0.05). C, Scatter diagram showing the
fold change of the RPKM values for the DA signature genes after infection with shNurr1 lentivirus or treatment with bexarotene. Bar shows the median value. D, Table showing the gene count and
p values (after multiple hypothesis testing with the Benjamini–Hochberg method) for the significantly upregulated and downregulated KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways
in bexarotene-treated DA neurons. E, Scatter diagram showing the fold change of the RPKM values for oxidative phosphorylation genes after infection with shNurr1 lentivirus or treatment with
bexarotene. Bars show median values. F, Left, Venn diagram showing the overlap between the genes significantly (padj � 0.05) upregulated by bexarotene treatment and the genes significantly
(padj � 0.05) downregulated in DA neurons of Nurr1-DATCreER animals. Right, Table with the 35 overlapping genes with genes encoding proteins with a function in mitochondria being
highlighted. G, Scatter diagram showing the fold change of the RPKM values by bexarotene for the genes significantly downregulated in Nurr1-DATCreER animals. Bar shows the median value.
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Nurr1-regulated genes (Fig. 4G). To-
gether, the data from global RNAseq anal-
ysis of bexarotene-regulated genes in vMB
DA neurons in vitro indicate a dynamic
regulatory relationship between Nurr1
and RXR. Accordingly, although we did
not find evidence for coregulation of the
DA neuron signature genes, a strongly sig-
nificant trend indicated that RXR ligands
could exert a positive regulation on a cate-
gory of Nurr1-regulated genes involved in
oxidative phosphorylation and on the bat-
tery of genes that are downregulated as a re-
sult of Nurr1 ablation in adult DA neurons.

Effect of bexarotene on DA neuron cell
loss and motor performance in the
6-OHDA and AAV-�-synuclein rat PD
models
To test whether bexarotene can induce
DA neuron-specific gene expression in
vivo, rats were treated with bexarotene (3
mg/kg) by daily oral gavage for 1 week.
Animals were killed 6 h after the last dose
and the levels of Nurr1, Th, Vmat2, Dat,
Aadc, and Ret were analyzed by qPCR on
dissected vMB tissue. As seen in Figure
5A, bexarotene treatment did not affect
the expression of Nurr1 mRNA per se,
and only showed a weak (25%) but signif-
icant upregulation of Th expression,
whereas other DA neuron markers re-
mained unchanged. Next, we analyzed the
effects of bexarotene (at 1 or 3 mg/kg) on
Nurr1 and Nurr1 target genes in the
6-OHDA-lesioned rat model of PD.
6-OHDA was injected in the striatum,
which resulted in an expected downregu-
lation of the mRNA levels of Nurr1 and its
target genes, as well as of the key DA neu-
ron transcription factor Pitx3 (Fig. 5A).
These effects were observed 1 week after
6-OHDA injection, before any apparent
DA neuron loss. Bexarotene restored the
expression of Nurr1 and three DA neuron
markers (Th, Vmat2, Ret) as reported pre-
viously (McFarland et al., 2013), but nei-
ther Dat, Aadc, nor Pitx3 was significantly
changed.

The potential of bexarotene to protect
DA neurons in the 6-OHDA model of PD
was further tested by administering vehi-
cle or bexarotene daily with oral gavage at
a dose of 3 mg/kg, starting on the day of

Figure 5. Effect of bexarotene on Nurr1-dependent gene expression, DA neuron cell loss, and motor performance in the 6-OHDA
and AAV-�-synuclein rat PD models. A, qPCR analysis of Nurr1, Pitx3, and Nurr1 target genes in the ventral midbrain of rats after
6-OHDA injection and/or daily treatment for 1 week with vehicle or two doses of bexarotene (1 and 3 mg/kg) by oral gavage. Levels
of mRNAs in intact rats are set at 1. n � 4. *p � 0.05. B, TH immunostaining in the substantia nigra of rats receiving 6-OHDA plus
vehicle or daily 3 mg/kg bexarotene by oral gavage and stereological counts of TH� neurons in the substantia nigra. C, TH
immunostaining in the striatum of rats receiving 6-OHDA plus vehicle or daily 3 mg/kg bexarotene by oral gavage and optical
densitometry of TH� striatal fibers. n � 8 per group. D, Motor performance in the amphetamine rotation (left) and the cylinder
tests (right) in rats injected unilaterally with 6-OHDA and treated with vehicle or bexarotene (3 mg/kg) by oral gavage. n � 8 per
group. E, Optical densitometry of TH� striatal fibers and stereological counts of TH� neurons in the substantia nigra of rats

4

injected unilaterally with AAV-�-synuclein and treated with
vehicle or bexarotene (10 mg/kg) by oral gavage. n�7– 8 per
group. F, Motor performance in the cylinder test in rats in-
jected unilaterally with AAV-�-synuclein and treated with ve-
hicle or bexarotene (10 mg/kg) by oral gavage. n � 7– 8 per
group. Mean values � SEM are shown for all panels. *p �
0.05. Scale bars: 1 cm.
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6-OHDA treatment, to rats that had also received unilateral in-
jections of 6-OHDA (7 �g at three different sites, 21 �g total).
During the fourth postoperative week, motor performance of the
animals was assayed, and at the end of the fourth week, the ani-
mals were killed and the brains were processed for immunohis-
tochemical staining. Stereological counting and optical
densitometry respectively revealed that the 6-OHDA lesion in-
duced a cell loss of 	60% in the SN (Fig. 5B), accompanied by an
average 75% loss of TH-positive innervation in the striatum (Fig.
5C). Bexarotene treatment had no protective effect on the density
of TH-positive fibers in the striatum (Fig. 5C) and a negative
impact on the number of TH-positive cells in the SN (Fig. 5B).
Consistent with the lack of protection by bexarotene in terms of
DA cell loss and striatum innervation, the motor impairment
caused by 6-OHDA, as assayed by the amphetamine rotation test
and the paw use in the cylinder test, was not significantly affected
by bexarotene (Fig. 5D).

We also assessed the potential protective effect of bexaro-
tene in the AAV-�-synuclein rat PD model that more clearly
mimics the early stages and slow development of human PD.
In a long-term experiment to analyze neuroprotection, rats
were unilaterally injected with AAV-�-synuclein into the SN
and treated with vehicle or 10 mg/kg bexarotene daily for 8
weeks, starting 1 week after vector injection. Paw use in the
cylinder test was performed during the eighth week. The ani-
mals were killed 1 d after the last dose, and the brains were
processed for TH immunohistochemistry. Stereology revealed
that �-synuclein overexpression resulted in 	50% loss of TH-
positive cells in the SN on the AAV-�-synuclein-injected side,
which was similar in magnitude in both treatment groups (Fig.
5E). In line with this, optical densitometry of striatal TH-
positive fiber density did not show any difference between
vehicle- and bexarotene-treated animals (Fig. 5E). The mag-
nitude of cell loss in these animals was not sufficient to pro-
duce any significant impairment in the cylinder test (Fig. 5F ).
Thus, despite an early trend for a protective effect on gene
expression in the 6-OHDA-lesioned rat model, no clear evi-
dence for long-term neuroprotection could be seen in the
6-OHDA or the AAV-�-synuclein-lesioned rat PD models.

Potentiation of the neuroprotective effect of GDNF
by bexarotene
Although bexarotene did not exert a neuroprotective effect in
vivo, expression of Ret was robustly restored in the 6-OHDA-
lesioned PD model (Fig. 5A). Since GDNF signaling is disrupted
(via downregulation of the Nurr1-Ret axis) and unable to confer
neuroprotection from �-synuclein overexpression (Decressac et
al., 2012), we hypothesized that bexarotene could counteract dis-
rupted GDNF signaling. We first assessed the combined effects of
bexarotene and GDNF on gene expression in our in vitro
�-synuclein toxicity model. Primary vMB cultures were trans-
duced with L-eGFP or L-�-syn-WT lentivirus vectors as previ-
ously (Fig. 1), 48 h after seeding. Virus was removed 48 h after
infection, and at that point cells were treated with bexarotene or
vehicle for 3 additional days before analysis. Bexarotene did not
affect DA neuron markers, including Nurr1, Pitx3, and Th, but
robustly restored the expression level of Ret (Fig. 6A). Interest-
ingly, consistent with its effect on Ret, when GDNF was com-
bined with bexarotene, a much more efficient restoration of gene
expression was observed compared with cultures exposed to
GDNF alone (Fig. 6A). Moreover, GDNF-induced phosphoryla-
tion of the S6 kinase was blocked by �-synuclein in vitro, as seen
previously in vivo (Decressac et al., 2012), but restored by the

combined treatment of both GDNF and bexarotene (Fig. 6B).
Thus, in in vitro vMB cultures, bexarotene appears to have a
robust ability to counteract �-synuclein-induced blockage of
GDNF signaling.

The results in vitro prompted us to test whether bexarotene
can restore GDNF signaling in vivo in the rat AAV-�-synuclein
model. To address this question, 10 animals were injected with
AAV-�-synuclein unilaterally in the SN (Fig. 6C) and divided in
two groups of five animals that received either vehicle or 10
mg/kg bexarotene daily by oral gavage from day 2 to day 12 after
vector injection. On day 10, all rats received an injection of 1 �g
GDNF protein into the striatum (Fig. 6C), and the animals were
killed on day 12, i.e., 2 d after GDNF injection. Consistent with
our previous observations in vivo (Decressac et al., 2012) showing
that the response to GDNF is blocked in DA neurons expressing
increased levels of �-synuclein, no detectable response to GDNF
measured by the levels of phospho-S6 was detected in the nigral
TH-positive neurons in the vehicle-treated group (Fig. 6D). The
results indicate a trend to increased expression phospho-S6 in
response to GDNF in the bexarotene-treated group (Fig. 6D), but
this did not reach statistical significance (p � 0.13).

Ret protects from �-synuclein-induced toxicity in vitro and
in vivo
As explained above, previous data suggest that Nurr1 regulates
Ret in DA neurons and that �-synuclein toxicity may interfere
with GDNF signaling via Nurr1 and Ret downregulation (De-
cressac et al., 2012). If Ret is a key downstream target gene of
Nurr1 in �-synuclein-induced toxicity, forced overexpression of
Ret in vMB cultures should be sufficient to rescue �-synuclein-
induced changes on Nurr1-regulated genes. We wished to further
investigate this hypothesis with additional in vitro and in vivo
experiments. Indeed, lentivirus-mediated Ret expression effi-
ciently rescued the gene expression of tested DA neuron markers
in in vitro cultured vMB neurons infected with �-synuclein (Fig.
7A). Moreover, when cultures were treated with an inhibitor
(RPI-1) of Ret kinase activity, the protective effect of Nurr1
against �-synuclein was attenuated (Fig. 7B), suggesting that Ret
is critically important in Nurr1-mediated defense against
�-synuclein toxicity. Reciprocally, forced expression of Ret could
not fully restore DA markers gene expression in �-synuclein-
expressing cultures that had been infected with L-shNurr1 (Fig.
7C), indicating that Nurr1 may also be required for the ability of
Ret to confer strong neuroprotection.

Next, we asked whether forced AAV vector-mediated Ret
expression could prevent DA cell loss caused by �-synuclein
toxicity in vivo. As above, rats received intranigral injection of
AAV-�-synuclein together with AAV-Ret or AAV-GFP and
were examined 8 weeks later. Stereological counting showed
that AAV-mediated Ret expression provided robust protec-
tion of TH-positive nigral neurons compared to the GFP con-
trol group (Fig. 8A), while densitometry analysis revealed a
significant protection of the striatal TH-positive ( B) and
�-synuclein-positive ( C) innervation on the injected side. In
conclusion, therefore, forced expression experiments both in
vitro and in vivo underscore the central role of Ret in a dis-
rupted pathway resulting from �-synuclein expression in DA
neurons.

The results from these comprehensive experiments are
summarized in Figure 9. Our data suggest that �-synuclein
exerts toxicity, at least in part, by interfering with gene expres-
sion in the nucleus. One of the affected genes is Nurr1, which
in turn affects genes controlling DA neurotransmission, sur-
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vival via regulation of Ret, and mitochondrial gene expression
[oxidative phosphorylation (OXPHOS)]. Bexarotene can up-
regulate Ret and Ret-mediated signaling and OXPHOS gene
expression. Our data are consistent with the possibility that
this upregulation is mediated by Nurr1-RXR heterodimers.

Discussion
The presynaptic role of �-synuclein has been investigated in pre-
vious studies, and intense attention has been focused on how high
levels of �-synuclein result in PD pathology. Although it is clear
that the protein is present both in nerve terminals and the cyto-
plasm, it is also localized in the cell nucleus where it accumulates
under pathological conditions (Goers et al., 2003; Monti et al.,
2010). Thus, it is of interest to better understand possible detri-

mental effects resulting from nuclear �-synuclein accumulation
in affected nerve cells. In the present study, we studied the influ-
ence of �-synuclein on gene expression in DA neurons and how
the nuclear receptor Nurr1 may be exploited as a drug target. We
provide evidence that the nuclear localization of �-synuclein re-
sults in stronger toxicity in terms of disrupted gene expression
compared with a cytoplasmic �-synuclein derivative. These re-
sults are in line with findings showing increased degeneration by
nuclear targeting of �-synuclein in DA neurons of Drosophila
(Kontopoulos et al., 2006).

We used RNAseq to interrogate the changes in gene expres-
sion that occur as a result of forced �-synuclein expression in
primary vMB DA neurons. It should be noted that gene expres-

Figure 6. A, B, Potentiation of the neuroprotective effect of GDNF by bexarotene. Primary ventral midbrain cultures of E13.5 mouse embryos. A, qPCR analysis of Nurr1, Pitx3, and Nurr1 target
genes after infection with �-synuclein lentivirus and treatment with DMSO, bexarotene (100 nM), GDNF (30 ng/ml), or GDNF together with bexarotene. Levels of mRNAs in cultures infected with
eGFP lentivirus are set at 1. Mean values � SEM are shown; n � 3. B, Expression of TH and phospho-S6 analyzed by immunohistochemistry. Cultures were infected with control or �-synuclein
lentivirus and treated with DMSO, bexarotene (100 nM), GDNF (30 ng/ml), or GDNF together with bexarotene. The diagram on the right shows the percentage of TH� neurons expressing
phospho-S6. Mean values � SEM are shown; n � 3. C, Immunohistochemistry showing the spread of GDNF after striatal injection of the recombinant peptide and the expression of human
�-synuclein in the striatum resulting from nigral delivery of the AAV-�-synuclein vector. D, Immunohistochemistry showing the expression of phospho-S6 in rats receiving AAV-�-synuclein and
GDNF plus daily bexarotene or vehicle. The diagram shows the optical density of phospho-S6 staining (mean density per cell) in the nigral TH�neurons on the treated side, expressed as a percentage
of the intensity measured on the noninjected side (n � 5 per group). Scale bars: B, 50 �m; C, D, 1 cm. *p � 0.05; **p � 0.01.
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Figure 7. Ret restores DA marker expression after �-synuclein overexpression in vitro. A–C, qPCR analysis of �-synuclein, Nurr1, Pitx3, and Nurr1 target genes after infection of primary ventral
midbrain cultures of E13.5 mouse embryos with the indicated lentiviruses, in the presence or absence of the Ret kinase inhibitor RPI-1 (B). Levels of mRNAs in cultures infected with eGFP lentivirus
are set at 1. All data is represented as mean � SEM of the fold change normalized against Rpl19 levels; n � 3. *p � 0.05.
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sion was analyzed at an early time point
after lentiviral transduction, before any
obvious morphological signs of toxicity
were apparent. Importantly, we did not
observe a general inhibition of transcrip-
tion, but rather defined changes with
subsets of genes being affected. Gene on-
tology analysis revealed that �-synuclein
could potently downregulate the expres-
sion of genes involved in key processes
including synaptic transmission and cho-
lesterol biosynthesis, and upregulate
genes involved in the cellular response to
stress. Axonal and synaptic defects have
been seen upon �-synuclein overexpres-
sion, and RNAseq data indicate that at
least some of these effects could be attrib-
uted to changes in gene expression (Lee et
al., 2006; Chung et al., 2009; Siebert et al.,
2010; Chu et al., 2012; Anichtchik et al.,
2013; Games et al., 2013; Prots et al., 2013;
O’Donnell et al., 2014). Downregulation
of cholesterol biosynthesis genes by
�-synuclein is in line with findings that
deletion of �-synuclein in mice signifi-
cantly increases cholesterol in the brain,
while abnormal levels of cholesterol me-
tabolites were found in degenerating
DA neurons with increased �-synuclein
levels (Halliday et al., 2005; Bosco et al.,
2006; Barceló-Coblijn et al., 2007;
Bar-On et al., 2008). Thus, several previ-
ously recognized pathological effects in PD
might at least in part be explained by disrup-
tion of gene expression programs.

An interesting question that has not
been addressed here concerns the mecha-
nisms whereby �-synuclein influences
gene expression in neurons. Our finding
that a nuclear derivative of �-synuclein was
more potent argues in favor of mechanisms
influencing gene expression directly in the
nucleus and is also consistent with previous
observations using �-synuclein derivatives
localizing preferentially to the nucleus in
Drosophila (Kontopoulos et al., 2006). Pre-
vious studies have indicated several possible
ways by which �-synuclein may affect gene
expression. For example, �-synuclein has
been shown to interact with transcription
factors, ribonucleoproteins, splicing fac-
tors, histones, and DNA (Goers et al.,
2003; Zhou et al., 2004; Duce et al.,
2006; Kontopoulos et al., 2006; Hegde and Rao, 2007; Jin et al.,
2007). In addition, histone acetylation seems to be inhibited
by �-synuclein (Kontopoulos et al., 2006; Jin et al., 2011; De-
cressac et al., 2012), observations that are consistent with data
showing that histone deacetylase inhibitors can protect DA
neurons from �-synuclein-induced toxicity in mice (Ono et
al., 2009; Zhou et al., 2011). Several of these findings are in-
triguing but require independent verification, and it is evident
that further focus on how �-synuclein influences gene expres-
sion is essential.

Importantly, Nurr1 expression in cells subjected to �-synuclein
toxicity efficiently rescued expression of hundreds (over 50%) of
dysregulated genes and also influenced many genes that are not con-
sidered classical dopaminergic markers. Thus, the analysis presented
here underscores that Nurr1-regulated genes are severely influenced
by �-synuclein toxicity (Decressac et al., 2012; Lin et al., 2012). It
seems likely that this effect, at least in part, is due to downregulation
of Nurr1 by �-synuclein. An important goal in our studies was then
to investigate whether, and to what extent, RXR functions as a het-
erodimer partner in Nurr1-dependent DA neuron gene regulation.

Figure 8. Ret protects nigral DA neurons against �-synuclein toxicity in vivo. A, Stereological counts of substantia nigra TH�
neurons (left) performed on TH-immunostained midbrain sections (right). B, Optical densitometry of the striatal TH� innervation
(left) performed on TH-immunostained striatal sections (right). C, Optical densitometry of the striatal rat �-synuclein� innerva-
tion. Scale bars: 1 cm. *p � 0.05.

Figure 9. Protection from nuclear �-synuclein-induced toxicity by Nurr1/Ret overexpression and/or bexarotene treatment.
Nuclear �-synuclein interferes with gene expression by targeting Nurr1 and other genes (A,B,C). Nurr1 affects the expression of
genes involved in DA neurotransmission, in survival via the GDNF-Ret pathway and in OXPHOS. Nurr1 and Ret overexpression
protect from the toxic effects of �-synuclein, whereas bexarotene restores Ret expression in �-synuclein overexpressing neurons
and upregulates OXPHOS.
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It is important to note that Nurr1 has the capacity to bind DNA
without RXR, and it has remained uncertain whether Nurr1 even
requires RXR in DA neurons. Expression of the mutated Nurr1-
DIM derivative indicated that the capacity of Nurr1 to restore gene
expression resulting from �-synuclein overexpression does not re-
quire heterodimerization with RXR. Bexarotene-induced changes in
gene expression, as revealed by RNAseq, uncovered a somewhat
more dynamic regulation, indicating that some but not all Nurr1
target genes are influenced by RXR ligands. The total number of
genes regulated by bexarotene was very large, but since RXR forms
heterodimers with several other nuclear receptors, this in itself is not
surprising (Gilardi and Desvergne, 2014). We found that forced ex-
pression of Nurr1-shRNA in primary vMB cultures significantly
downregulated DA signature genes, but this category of genes were
not affected by RXR ligands, arguing against coregulation of typical
DA neuron markers by Nurr1-RXR heterodimers. On the other
hand, bexarotene upregulated nuclear-encoded mitochondrial
genes involved in oxidative phosphorylation. This cohort of genes
were also significantly downregulated by Nurr1-shRNA in primary
vMB neurons and support previous findings obtained from condi-
tional knock-out mice showing that these genes are regulated by
Nurr1 (Kadkhodaei et al., 2013). Although other RXR heterodimer
partners including peroxisome proliferator activated receptors may
also be involved in regulating mitochondrial gene expression, the
results here are consistent with a potential for coregulation of genes
important for oxidative phosphorylation (Ravnskjaer et al., 2010;
Corona et al., 2014). Finally, the cohort of genes found previously to
be downregulated in mature DA neurons of conditional Nurr1
knock-out mice were significantly upregulated by bexarotene (Kad-
khodaei et al., 2013). Together, these observations indicate that RXR
is not essential for all Nurr1 in vivo functions; however, the upregu-
lation of genes involved in oxidative phosphorylation and some of
the other Nurr1-regulated target genes seen following bexarotene
treatment suggest a potential for coregulation and pharmacological
significance in the context of PD. Notably, mitochondrial dysfunc-
tion is highly implicated in disease, and mitochondrial gene expres-
sion seems to be affected in PD patients (for review, see Exner et al.,
2012).

Despite the results showing a potential for coregulation,
our results using bexarotene in vivo provided mixed and
somewhat disappointing results. Thus, in contrast to the ob-
servations reported previously (McFarland et al., 2013), bex-
arotene treatment had no effect neither on DA neuron cell loss
nor motor impairment in rats receiving unilateral injections of
6-OHDA in the striatum. However, bexarotene treatment re-
sulted in upregulation of mRNA expression of Nurr1, TH, and
Ret. We found that the upregulation of Ret was intriguing
considering that it is a Nurr1 target gene that is critical for
GDNF signaling and disrupted by �-synuclein toxicity. More-
over, we showed here that expression of Ret using an AAV-Ret
vector in the rat �-synuclein overexpression model is able to
induce efficient neuroprotection, a result that further empha-
sizes its critical role as an essential downstream target of Nurr1
in protection against �-synuclein-induced toxicity. Along the
same line, the constitutive active Ret mutant expressed in
MEN2B (Multiple Endocrine Neoplasia type 2B) mice pro-
tects DA cell bodies from 6-OHDA-induced toxicity (Mi-
jatovic et al., 2011), while the same mutated Ret was previously
shown to rescue disintegration of mitochondria and ATP con-
tent and improve electron transport chain complex I function
in Pink1 Drosophila mutants (Klein et al., 2014). Upregulation

of Ret by bexarotene prompted us to further examine whether
bexarotene could rescue the disrupted GDNF signaling fol-
lowing �-synuclein overexpression. Interestingly, bexarotene
showed a robust effect on GDNF signaling in in vitro cultured
vMB neurons, significantly increasing phosphorylation of S6
kinase and augmenting the ability of GDNF to rescue
�-synuclein-disrupted gene expression. Again, these promis-
ing effects were not recapitulated in vivo, as bexarotene alone
or in combination with GDNF did not result in neuroprotec-
tion in the rat �-synuclein overexpression model.

Together, the data presented here indicate a somewhat
mixed picture concerning bexarotene as a strategy for phar-
macological targeting of Nurr1. Our results support the hy-
pothesis that �-synuclein influences the process of gene
expression in the nucleus and extend the conclusion that
Nurr1 via its downstream target Ret can interfere with
�-synuclein toxicity. Moreover, in vitro analysis demonstrated
that bexarotene could affect some but not all Nurr1 target
genes. Notably, bexarotene seems to have a capacity for rescu-
ing disrupted Ret expression and GDNF signaling as seen in
vMB cultures. However, the negative results in vivo indicate
that the neuroprotective effect of bexarotene is not robust or
easily reproducible. Despite these negative data, the results
from our in vitro experiments indicate that RXR ligands are
potentially highly interesting in neuroprotection against PD-
induced pathology. We thus envision that future research
should be focused on the identification of more selective com-
pounds with appropriate pharmacological properties for be-
ing effective in neuroprotection in vivo.
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