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ABSTRACT

Parkinson’s disease (PD) is one of the most common movement disorders, and
currently there is no effective treatment that can slow disease progression. Preserving
and enhancing DA neuron survival is increasingly regarded as the most promising
therapeutic strategy for treating PD. IRX4204 is a second generation retinoid X
receptor (RXR) agonist that has no cross reactivity with retinoic acid receptors,
farnesoid X receptor, liver X receptors or peroxisome proliferator-activated receptor
PPARy. We found that IRX4204 promotes the survival and maintenance of nigral
dopaminergic (DA) neurons in a dose-dependent manner in primary mesencephalic
cultures. Brain bioavailability studies demonstrate that IRX4204 can cross the blood
brain barrier and reach the brain at nM concentration. Oral administration of IRX4204
can activate nuclear receptor Nurrl downstream signaling in the substantia nigra
(SN) and attenuate neurochemical and motor deficits in a rat model of PD. Our study
suggests that IRX4204 represents a novel, potent and selective pharmacological
means to activate cellular RXR-Nurrl signaling and promote SN DA neuron survival
in PD prevention and/or treatment.
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INTRODUCTION

Parkinson’s disease (PD) is the second most
common neurodegenerative disease of aging, which
currently affects approximately 1-2% of the world’s
population over age 65. The number of individuals with
PD is expected to double by 2030, affecting up to 9.3
million [1]. PD is associated with increased disability,
lower quality of life, increased mortality, and increased
healthcare costs across all stages of the disease. The
annual economic impact of PD in the United States alone
is estimated at $10.8 billion [2].

The molecular mechanisms underlying the disease
are unknown, but are likely to involve interactions
among genetic and environmental factors. The protein
a-synuclein is a central component in PD pathogenesis [3,

4]; a-synuclein aggregation with Lewy body formation
in substantia nigra DA neurons is a main pathological
feature leading to DA neuron cell death [5]. The motor
symptoms of PD are believed to begin after 40-60%
of the dopamine cells in the substantia nigra (SN) pars
compacta are lost [6]. Progression of motor symptoms is
related to dopamine cell loss and can be assessed clinically
using the Unified Parkinson’s Disease Rating Scale part
IIT (UPDRS-3), which is sensitive to treatment related
changes. Motor symptoms produce significant disability,
worsen quality of life, and advance even when treated
optimally with currently available symptomatic therapies.

Current therapies for PD are symptomatic treatments
for motor complications of the disease; to date there are no
disease modifying drug treatments conclusively shown to
be neuroprotective or that slow disease progression [7].
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Table 1: Plasma pharmacokinetics of IRX4204.

IRX4204 1mg/kg/da 3mg/kg/day 10 mg/kg/day

Sex Male Female Male Female |Male Female

Cmax(ng/ml) 58.9 120 198 362 542 974
Day 1 Tmax (hours) 0.5 0.5 0.5 0.5 0.25 0.5

AUC, ,, (ng.hr/ml) 140 251 484 975 1489 2437

Cmax (ng/ml) 25.7 43 .4 54.5 101 77.2 667
Week 4 Tmax (hours) 0.25 0.25 0.5 1 0.25 0.25

AUC, ,. (ng.hr/ml) 27.5 136.3 280 344 422 940

Rats were given the indicated dose of IRX4204 once a day through gavage and PK studies were conducted on day 1

and on week 4. n=3 per dose per data point per gender.

Deep brain stimulation dramatically improves “off” time
and dyskinesias, but has no effect on disease progression
and often worsens speech and balance [8, 9]. Even cell-
based therapies, such as human fetal mesencephalic
dopaminergic cells, have not produced sustained benefit,
resulting in uncontrollable dyskinesias and Lewy body
degeneration of grafted fetal neurons [10]. Clearly, new
strategies are needed for disease modifying treatments
in PD, including novel mechanisms for decreasing the
burden of its pathological substrates.

The loss of midbrain dopaminergic (DA) neurons
in the SN, leading to striatal dopamine deficiency, is one
of the prominent pathological features of PD. Therefore,
preserving or enhancing DA neuron survival provides
a therapeutic strategy against PD. There is increasing
evidence that activation of the nuclear receptor Retinoid
X Receptor (RXR) may protect against PD by providing
trophic support for DA neurons [11-13]. For example,
activation of RXR has been shown to protect cultured
DA neurons from degeneration in an in vitro model of
PD (6-hydroxy dopamine) and to hypoxia [14]. RXR is
known to interact with another orphan nuclear receptor,
nuclear receptor related-1 protein (Nurrl), forming RXR-
Nurrl heterodimers [15]. Nurrl is a transcription factor
that is expressed in the embryonic ventral midbrain. In
developing DA cells, Nurrl is required for the expression
of several genes important for dopamine synthesis and
function [16-20]. Nurrl can activate the transcription
of tyrosine hydroxylase and enhance the expression
of dopamine transporters [21, 22], both of which are
significantly affected in PD condition. Therefore,
Nurrl can be a potential target for the treatment of PD.
Observations associating Nurrl mutations with familial
Parkinson’s disease confirm the importance of Nurrl
in the generation and maintenance of DA cells [23,
24]. Activation of RXR-Nurrl heterodimers with RXR
agonists has been shown have been shown to induce RXR-
Nurrl mediated gene transcription and Nurrl downstream
signaling associated with DA neuron function and
protection [15-17, 19, 25]. However, currently available
RXR ligands are not necessarily selective for RXR.
For example, the promising cancer drug, bexarotene, is
also a potent activator of retinoic acid receptors, LXR

and PPAR-gamma [26, 27]; the non-selective nature of
currently available RXR agonists significantly limits their
clinical application [28-33]. In the present study, we show
that IRX4204, a novel RXR agonist, specifically binds to
RXR and is able to transactivate Nurrl. Most importantly,
for the first time, we report that oral administration of
IRX4204 prevents PD-type degeneration at molecular,
cellular and behavioral levels, following experimental DA
lesions in a rat model.

RESULTS

IRX4204 is a potent and specific RXR agonist

IRX4204 (Figure la) is a second generation RXR
agonist. We used the receptor transactivation assay to
test its specificity. We found that IRX4204 can partially
activate RXRs at a concentration of 0.1 nM and fully
activates all three RXRs (o, B and v) at a concentration of
1 nM (Figure 1b). We also found that IRX4204 is thousand
times more potent for RXR than retinoic acid receptors
(RARa, B and vy, Figure 1b). It does not activate the
RXR heterodimers of farnesoid X receptor (FXR), liver
X receptors (LXR) a and B, or peroxisome proliferator-
activated receptor PPARy, which are responsible for most
of the side effects at physiological concentrations (Figure
1c-le).

IRX4204 induces RXR-Nurr-1 transactivation
and promotes dopaminergic neuron survival in
primary VMB neuronal cells

We next tested the effect of IRX4204 on Nurrl
activation using COS7 cells transfected with reporter
plasmid and full length Nurr-1 with or without co-
transfecting with full-length RXRa plasmid. We found
that in the absence of RXRa, the addition of IRX4204
resulted in a base level of reporter gene activation (Figure
2a), while in the presence of RXRa, IRX 4204 potently
(EC,, <InM) activated reporter gene transcription in a
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RXR dependent manner (Figure 2a), indicating that it is
an effective activator of RXR/Nurrl heterodimers. We
next investigated the physiological effects of IRX4204
using primary neurons derived from ventral midbrain
(VMB). We found that IRX4204 treatment led to
increased survival of tyrosine hydroxylase (TH)-positive
DA neurons in a dose-dependent manner (Figure 2b, left
panel) and that the effects were completely blocked by
co-treatment with the RXR antagonist HX531 (Figure 2b,
right panel). Moreover, treatment of the VMB neurons
with 1nM IRX4204 significantly increased the expression
of dopamine transporter (DAT) and dopa-decarboxylase
(DDC), and HX531 totally abolished the IRX4204-
mediated increased expression of these two genes (Figure
2¢).

Plasma pharmacokinetics, brain bioavailability
and activation of Nurrl-downstream gene in vivo

Acute and acute-on-chronic plasma pharmacokinetic
studies were conducted in rats following oral
administration of IRX4204. We found dose-proportional
increases in plasma IRX4204 levels (Table 1). However,
compared to single acute dosage, plasma concentrations
of IRX4204 were substantially lower following repeated
dosing, as summarized in Table 1. Both areas under the
curve (AUC) and C__ values were significantly lower
following repeated dosing compared to single acute
treatment (Table 1). The increases in C__ and AUC
,, were generally dose-proportional on Day 1, but were
not consistently proportional to the increases in the dose
during the following 4 weeks of treatment. Females had
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Figure 1: IRX4204 selectively activates RXRs. a. Structure of IRX4204. b.-e. Transactivation assay of IRX4204: for receptors
RXRa, RXRB, RXRy, RARa, RARP and RARy b.; for farnesoid X receptor FXR c.; for liver X receptors LXRa and LXRp d.; for
peroxisome proliferator-activated receptor PPARY e.; Data are expressed as percent of maximal activity obtained using specific agonists
9-cis-retinoic acid (RXR), retinoic acid (RAR), rosiglitazone (PPARy), GW4064 (FXR), T0901317 (LXR).

a b
10;
= Full-Nurr +Full-RXRa _ 1204
& 8{ - Full-Numi c E’.. .
=3 o 5
35 & ) 59 e 10 nM
E 2 —— .\ 2. . 1nM
DE # + 5
o T a0 .1 nivi
o ) ko CTRL
.4_....-4-—-—-—‘—-—'=-_. = 20
e A 012345678
IRX4204 Log[M] Days in vitro

*ok c
- 200 | | % *
- 175= 1T 1 1754 * *
E = _
O 1504 S 150 S 1504
- = £
C.: - 5 125 - 5 1254
Fa e @ [ T]
= 1004 o o 100 o o 100
g s I3
=] =z 75 U= 75
5 -3 8z
2 504 5 50 < 504
* s 25 = 254
= = 2
0 0 0
S 58 P o P o
PN S & e & a8
& e:\? ‘Qﬂ‘ & QjP' & & qﬁ‘h &
R, o Rt
K o o
& & ¢

Figure 2: IRX4204 activates Nurrl and improves DA neuron survival in primary VMB culture. a. Transactivation assay of
IRX4204 on Nurrl in the presence or absence of RXRa. b. IRX4204 promotes DA neuron survival in VMB culture: Time and dose curve of
IRX4204 effect on DA neuron survival (left). Promotion of survival by IRX4204 is blocked by RXR antagonist HX531 (right). ¢. IRX4204
promotes Nurrl downstream DA related gene expression in VMB neurons and induction is blocked by RXR antagonist HX531. All values
are expressed as mean = SEM *p < 0.05, **p < 0.01.
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higher C_  and AUC_,, values than males on both acute
and chronic treatments. For both genders, Week 4 C
and AUC_, were substantially lower than those observed
on Day 1, suggesting changes in disposition of IRX4204
following multiple dose administration in rats. Plasma
protein binding, assessed by equilibrium dialysis, revealed
that IRX4204 is 99.36+0.07% bound in human plasma
and 97.51+0.77% in rat plasma. Our data demonstrate
changes in biodisposition of IRX4204 following chronic
administration in rats, gender differences in IRX4204
metabolism, and strongly support future pharmacokinetic
and pharmacodynamic studies to further understand
the metabolism of IRX4204 in healthy and diseased
conditions.

We next tested whether IRX4204 could cross the
blood brain barrier in rats. Following 7 days repeated
dosing with 10 mg/kg/day, IRX4204 reached the brain at
nM concentrations (11.5+2.9nM), as assessed by LC/MS/
MS (Figure 3a). These nM concentrations of IRX4204 in
the brain were comparable to those found to promote VMB
DA neuron survival (Figure 2b) and to activate RXR/
Nurrl in vitro without activating RARs, FXR, LXR and
PPARYy (Figure 1b-1e). We also found IRX4204 treatment
significantly increased mRNA levels of DA markers in the
SN of treated rats, including TH, DAT, DDC, paired-like
homeodomain transcription factor 3 (Pitx3), DJ-1(PARK?7)
and glial cell line-derived neurotrophic factor receptor,
GRFal (Figure 3b). There was also a trend towards
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an increase of VMAT-2 (VMAT2) mRNA expression;
however, it did not reach statistical significance. Our data
suggest that IRX4204 at 10mg/kg/day is sufficient to
activate Nurrl-mediated DA neuroprotective mechanisms
in the rat brain following oral administration.

IRX4204 attenuates Parkinson-like phenotypes in
a rat model of PD

Based on this evidence, we tested the preclinical
efficacy of IRX4204 at 10mg/kg/day in a rat model of
PD. Using standard stereotaxic methodology, all rats were
unilaterally injected with 6-hydroxydopamine (6-OHDA)
in the right striatum and at three days post-lesion were
given either vehicle or 10mg/kg/day IRX4204 for three
weeks. Two independent behavioral tests were performed
to assess the effects of IRX4204 on the development of
hypokinetic motor dysfunction. As expected, all rats
developed asymmetric spontancous use of the limb
contralateral to the striatal lesion in the cylinder test
three days post-lesion (Figure 4a, left panel). In vehicle-
treated animals, impairments persisted at day 17 and day
24 post-lesion (Figure 4a, left panel), while IRX4204
treatment significantly improved spontancous forelimb
use to pre-lesion levels (p < 0.05, Figure 4a, left panel),
demonstrating that IRX4204 can reverse PD-like motor
deficits induced by 6-OHDA lesion. Apomorphine (APO)-
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Figure 3: IRX4204 is bioactive in the brains following oral administration and activates Nurrl downstream genes in
the SN. a. Detection of IRX4204 in the brains: Dose-response calibration curve of IRX4204 detection in the brain matrix with detection
limit of 0.25nM (top panel); Representative IRX4204 LC/MS/MS chromatograms from brains of vehicle and IRX4204 treated rats (middle
and bottom panel) b. Expression of Nurrl downstream genes in the SN following 7 days oral treatment with 10 mg/kg/day IRX4204. Real-
time PCR data are expressed as the percentage of vehicle treated controls.
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induced rotations were assessed as a second independent
behavioral measure. During baseline testing three days
post-lesion, both groups demonstrated comparable
APO-induced contralateral rotations (Figure 4a, right
panel). As expected, at day 24 post-lesion, APO-induced
rotations increased significantly by almost two-fold
compared to baseline among vehicle-treated rats (p <
0.01, Figure 4a right panel). In contrast, by day 24 post-

Cylinder test

lesion for IRX4204-treated rats, the rotations did not
differ significantly from baseline (Figure 4a right panel).
Collectively, our data demonstrated that IRX4204 is
effective in protecting against 6-OHDA induced motor
asymmetry.

Following behavioral testing, rats were sacrificed
for brain pathology assessment. We found that
IRX4204 treatment significantly reduced the loss of
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Figure 4: Oral administration of IRX4204 improves motor asymmetry and dopamine neuron loss in a rat model of PD.
a. Behavioral testing following 6-OHDA lesion. Left panel: Cylinder test, data are expressed as percentage of impaired (right) forelimb
vs. total (right+left+both) forelimb usage. Right panel: Apomorphine-induced rotation, data are expressed as the number of contralateral
rotations per minute. b. Quantification of TH-immunoreactive DA neurons in the midbrain SN and representative immunohistochemical
images. ¢. Quantification of TH and DAT in the striatum by Western blot analysis and representative western blot images. d. Measurements
of dopamine concentration in the striatum and the ratios of DOPAC or HVA to dopamine; All values are expressed as mean + SEM. In a
and d, n=15 per group, in b and ¢, n=8-11 per group; *p<0.5, **p<0.01, ***p<0.001.
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TH-immunoreactive neurons in the SN compared to the
vehicle-treated group (p < 0.05, Figure 4b). Measurements
of DAT and TH content in the striatum by Western blot
analysis showed that the vehicle-treated group lost
~40% DAT (59.6%+29.0% of the intact side) and ~60%
TH (40.2421.6% of the intact side) in the lesioned side
compared to the non-lesioned side, while for the IRX4204
group, levels in the lesioned striatum were almost identical
to those in the non-lesioned side (Figure 4c). Striatal
dopamine loss in the lesioned side was much greater in
the vehicle-treated group relative to the IRX4204 group
(p <0.01, Figure 4d, left panel). Compared to the non-
lesioned side, dopamine turnover, as measured by the
ratios of 3,4-dihydroxyphenylacetic acid (DOPAC) or
homovanillic acid (HVA) to dopamine in the lesioned side,
was increased in the vehicle-treated group, while IRX4204
treatment significantly prevented these increases (p < 0.05,
Figure 4d, middle and right panel), supporting a neuro-
protective role of IRX4204.

DISCUSSION

Since the discovery of striatal dopamine loss as the
main cause of the motor symptoms of parkinsonian, PD
therapies have been mainly directed to treat the symptoms
focused on the dopamine system. Until now, treatment
with L-DOPA to increase the synthesis, storage and
release of dopamine in the surviving DA neurons remains
the gold standard. Most of the dopatherapies lose their
effect with disease progression and patients usually suffer
from serious side effects such as involuntary movements
[34]. The introduction of dopamine receptor agonists
such as ropinirole and pramipexole to reduce the risk of
dyskinesia led to the identification of more severe side
effects including psychiatric disorders. More recently,
surgical therapy targeting the basal ganglia circuitry, such
as deep brain stimulation, is also found to be associated
with significant side effects. Despite the advances of the
current therapeutic approaches targeting the DA system,
it is clear that current PD therapies do not reduce the rate
or extent of DA neuron loss and have no effect on disease
progression. Therefore, neuroprotective interventions able
to protect DA neurons and delay disease progression have
been actively sought after over the past two decades [7].
The urgent need for novel therapeutic agents for treating
PD is further stressed in light of the recent failed phase I11
creatine clinical trial (http://parkinsontrial.ninds.nih.gov/
netpd-LS1-study-termination.htm).

In this study, we characterized the highly selective
RXR agonist, IRX4204 in protecting DA neurons.

Nurrl is a transcription factor critical for DA neuron
development and maintenance, and Nurrl depletion
leads to specific DA neuron loss in the ventral midbrain
[17, 18, 20]. RXR ligands have been shown to improve
DA neuron survival in various in vitro models of DA
neurodegeneration [14]. The protective benefit of RXR

ligands on DA neuron survival is thought to be mediated
by signal transduction involving the heterodimeric RXR-
Nurrl nuclear receptor [35, 36]. However despite all this
evidence, the development of preclinical and clinical
research strategies, aimed at promoting RXR-Nurrl
signaling using RXR agonists, has been hindered by
the non-selective nature of the currently available RXR
agonists. Most of the RXR agonists have cross-reactivity
with RAR, FXR, LXR or PPARYy. The lack of selectivity
of RXR agonists have been widely reported for unwanted
side effects, which inevitably preclude their development
in therapeutic applications for neurodegenerative
conditions, including PD [28-33]. Our study, for the
first time, strongly supports the characterization of a
highly selective RXR agonist, which can activate Nurrl-
mediated DA neuroprotective mechanisms in the brain at
nM concentration. We also found that oral administration
of IRX4204 can significantly increase the expression of
molecules that are important for dopamine biosynthesis
and metabolism, transport, and for DA neuron survival.

Preserving and enhancing DA neuron survival
is the most promising therapeutic strategy for treating
PD [37-39]. Our study demonstrates that IRX4204, a
highly selective RXR receptor agonist, can transactivate
nuclear factor Nurrl and promote the expression of Nurrl
downstream genes associated with DA neuron function
and protection [16, 19, 35, 36]. Moreover, we found
that oral administration of IRX4204 attenuates PD-like
behavior phenotype and prevent DA neuron loss in a rat
model of PD.

We found that IRX4204 treatment can promote
the transcription of the receptor for the neurotrophic
agent GDNF. This is a very interesting observation, since
previous evidence suggests that GDNF failed to elicit
DA neuroprotection in a rat model of PD [40], possibly
due to o-synuclein mediated neurotoxicity, which was
hypothesized to down regulate the gene expression of
the GDNF receptor [41]. The failure of past translational
clinical application of GDNF in PD can be attributed to
this mechanism [42]. Thus, our data demonstrating that
oral administration of IRX4204 promotes GDNF receptor
expression provides evidence for a strong novel strategy
for PD therapy and possibly opens new avenues for
combinatory therapy with IRX4204 and GDNF.

In conclusion, our study demonstrates that IRX4204
can penetrate the brain through the blood brain barrier and
attenuate PD phenotypes, including neurochemical and
motor deficits, in a rat model of PD. Based on the high
specificity and potency, the current study suggests that
IRX4204 is a highly promising agent for the treatment
of PD. Differences in PK between male and female
rats are not unusual, however, they can potentially
influence the outcome of the treatment efficacy. Future
work will continue to assess the pharmacokinetics and
pharmacodynamics of IRX4204, which will include
both sexes, to determine whether the PK differences lead
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to pharmacological differences, and to determine the
lowest efficacious dose and proper treatment regimen for
translational application in PD and possibly combination
therapy of IRX4204 and GDNF.

MATERIALS AND METHODS

Receptor transactivation assay

For RXR: CV-1 cells were transfected with
rCRBPII/RXRE-tk-Luc reporter gene and an expression
vector for RXRa, B, or y. For RAR: CV-1 cells were
transfected with ERE-tk-Luc reporter gene and an
expression vector for the appropriate ER-RARa, ,
or v. ER-RARs are fusion proteins, composed of the
estrogen receptor (ER) DNA binding domain fused
to the ligand binding domain of RARs. This system
eliminates interference by the low level of endogenous
RAR activity in CV1 cells as the readout comes only from
the transfected ER-RAR. For PPARy: CV-1 cells were
transfected with 3x(rAOX/DRI1)-tk-Luc reporter gene
and an expression vector for PPARYy; for FXR: CV-1 cells
were transfected with 3x(IBABP/IR1)-tk-Luc reporter
gene and vectors for FXR and RXRa; for LXR: CV-1 cells
were transfected with 3x(PLTP/LXRE)-tk-Luc reporter
gene with vectors for LXRa or LXRp. For Nurrl: COS7
cells were transfected with 3xNBRE-tk-luc reporter gene
and full length Nurrl with or without full-length RXRa
plasmid. Cells were then treated with vehicle or IRX4204
for 20h. Luciferase data were normalized to co-transfected
B-gal activity. Luciferase activity is expressed as percent
of maximal activity obtained using specific agonists 9-cis-
retinoic acid (RXR), retinoic acid (RAR), rosiglitazone
(PPARY), GW4064 (FXR), T0901317 (LXR).

Primary culture

Ventral midbrain (VMB) from E13.5-14.5 C57BL/6
mouse embryos were dissected, triturated and plated on
poly-D-lysine coated 12 well plates or glass coverslips
with the serum-free chemically-defined Neurobasal
medium, supplemented with 2% B27, 0.5mM L-glutamine,
50L.U./ml penicillin and 50ug/ml streptomycin (Gibco-
BRL). For gene expression, cells were treated with 1nM
IRX4204 or vehicle with or without RXR antagonist
HX531 (100nM) for 16 hours following three days in
vitro (DIV). For DA neuron survival study, cells were
treated with various concentrations of IRX4204 or vehicle
following 2 DIV. For each time point, cells were washed
once with phosphate buffered saline and fixed with 4%
paraformaldehyde for TH immunofluorescent staining.
For cell counting, 10 frames were randomly captured
from each well using a Leica fluorescent microscope and
a minimum of four replicates for each dose and each time

point were analyzed for each experiment.

Animals

Eight week old male Sprague Dawley (SD) rats,
weighing 225-250g were housed, one to three per cage,
with ad libitum food and drinking water and 12:12 hour
light:dark cycle. All procedures were approved by the
committee for Ethical Conduct in the Care and Use of
Laboratory Animals.

Plasma pharmacokinetics (PK) and plasma
protein binding assay

SD male rats were grouped into four groups:
vehicle, 1Img/kg/day, 3mg/kg/day and 10mg/kg/day.
Rats were treated with the designated dose by daily
gavage. Acute plasma PK was conducted on day one and
acute-on-chronic plasma PK was conducted on day 24.
Pharmacokinetic assessment was conducted by collecting
of blood at baseline (prior gavage), 0.25, 0.5, 1,2, 4, 8, 12
and 24h post gavage. Plasma protein binding to IRX4204
was conducted using the rapid equilibrium dialysis device
and K.EDTA control plasma of rat, human was spiked
with lug/ml IRX4204. The spiked plasma was dialyzed
at 37°C against an isotonic sodium phosphate buffer to
achieve equilibrium. At the end of dialysis, the plasma and
buffer level of IRX4204 were quantified by LC/MS/MS.

IRX4204 content in the brain

Male SD rats underwent daily gavage with 10mg/kg/
day for seven days. One hour after the last dose, rats were
anesthetized with ketamine/xylazine and transcardially
perfused with cold saline. Brains were isolated and
homogenized with two volumes of phosphate buffer using
ultrasonication. A 100ul sample of the homogenate was
transferred to a 1.7ml centrifuge tube and mixed with
20ul of internal standard (100ng/ml of 13-cis retinoic
acid-dS in diluent). Then the sample was deproteinized
with 300ul of acetonitrile, centrifuged, and the supernatant
was transferred to an autosampler vial for analysis by
LC/MS/MS. The calibration standards and the internal
standard (13-cis retinoic acid-d5) were diluted in aceton
itrile:butylatedhydroxyanisole:ethoxyquin:triethylamine
(100:0.05:0.02:0.1, v/w/v/v).

LC/MS/MS analysis

LC/MS/MS analysis of the samples was conducted
by initial separation of the IRX4204 peaks on an HPLC
column prior to detection by the mass spectrometer.
The LC/MS system was comprised of Waters Acquity
Ultra Performance Liquid Chromatography (UPLC)
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coupled to a XEVO-TQS (Waters). The samples were
analyzed by reverse-phase HPLC using a Waters Atlantis
T3 column (150 x 2.1mm, S5um). The mobile phase was
nebulized using heated nitrogen in a Z-spray source/
interface set to electrospray negative ionization mode.
The ionized compounds were detected using MS/MS.
Standard calibration curve was obtained by spiking known
concentrations of IRX4204 to the naive brain matrix. The
detection was linear between 2.5nM to 10nM.

Quantification of gene expression by real time
PCR

Total RNA from VMB neurons or rat substantia
nigra were isolated using the RNeasy Mini Kit from
Qiagen (Valencia, CA) and 1ug of total RNA was reverse
transcribed using SuperScript III first-strand synthesis
supermix for qRT-PCR from Invitrogen (Carlsbad, CA)
according to the manufacturer’s instruction. Quantitative
RT-PCR was performed using Maxima SYBR Green
master mix (Fermentas) in ABI Prism 7900HT in four
replicates with primers amplifying the target genes.
Expression level of actin was used as an internal control.
Data were normalized using the 2-*4“ method [43]. Levels
of target gene mRNAs were expressed relative to those
in vehicle control groups and plotted in GraphPad Prism.

Surgical procedure

All surgical procedures were performed under
general anesthesia with ketamine/xylazine. 2ul 6-OHDA
(20 mg/ml in 0.02% ascorbic acid) was stereotaxically
injected into the right striatum of male SD rats. Lesion
coordinates were set according to bregma and dura in
mm: ML-3.7; AP-1.0; DV-5.5. The injection rate was
2ul/5 min and the injecting needle was left for 2 minutes
after injection to avoid back flow. Apomorphine-induced
rotations (see below) were assessed three days post-lesion
and rats with > 30 full contralateral rotation/30 minutes
were included in the study.

Drug treatment

Rats were randomly grouped into vehicle control
group (n = 11) and drug treatment group (n = 10). Rats
were given 10mg/kg body weight /day IRX4204 by daily
intragastric gavage using plastic feeding tubes and the
treatment started on post-lesion day four. The control
group received DMSO/corn oil (vehicle). The treatment
continued for three weeks.

Behavioral testing

Apomorphine (APO)-induced rotations were
performed as described by Fisher et al. [44]. Briefly,
immediately after apomorphine injection (0.5 mg/kg body
weight), animals were placed in an open area. A camera
monitored the animal behavior and computerized software
analyzed the number of contralateral and ipsilateral
rotations in 30 minutes testing. Rotations were assessed
three days post-lesion and after three weeks of treatment
(24 days post-lesion). Data were expressed as average
contralateral turns per minute.

The cylinder test was used to test for forelimb use
asymmetry. Rats to be tested were placed individually
in a glass cylinder (21 c¢cm diameter, 34 cm height) and
wall exploration was recorded for five minutes. Wall
exploration was expressed in terms of the percentage of
impaired (right) forelimb vs. total (right+left+both) usage.
Paw placement test was performed before the lesion for
baseline, three days post lesion and two weeks and three
weeks following treatment.

Immunohistochemistry and cell counting

The caudal portion of the brains were sectioned
in the coronal plane on a cryostat at 12 um. From a
random start corresponding to SNpc position, every 12th
section was selected -, fixed with 4% paraformaldehyde
and processed for tyrosine hydroxylase (TH) staining
using mouse monoclonal anti-TH antibody (1:2000,
Chemicon)[45] and the Vectastain Elite ABC kit (Vector
Lab) according to manufacturer’s instruction. TH positive
neurons were counted as described [46].

Measurements of dopamine and metabolites in
the striatum by HPLC

The left and right striatum were isolated and
homogenized with artificial cerebrospinal fluid and
centrifuged at x10,000 g for 15 minutes. Protein content
of the supernatant was measured by Bradford assay
(Bio-Rad). Dopamine, HVA and DOPAC were measured
using an isocratic HPLC system with electrochemical
detection, consisting of a pump (ESA model 582 [ESA
Chelmsford, MA]), automatic injector (ESA model 542
Autosampler), and a Coulochem III detector (ESA) in
conjunction with a guard cell (ESA model 5020) and an
analytical cell (ESA model 5014B). Cell potentials were
set at +350mV, -150mV, and +220mV respectively for
the guard, E1 and E2 cells. A volume of 20ul per sample
was injected with a flow rate of 0.6ml/minute, and passed
through a 150mm column (ESA model MD-150X3.2)
with a particle size of 3pum and pore size of 120A. Mobile
phase consisted of 10% acetonitrile, 90mM NaH,PO,,
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1.7mM 1-octane sulfonic acid, 50mM citric acid, S0uM
EDTA; pH~3). Data were collected and analyzed using the
EZStart software (Agilent Technologies, Santa Clara, CA).
Standards were run in parallel.

Immunoblot analysis

Striatum samples were homogenized and boiled in
SDS-PAGE sample buffer and separated onto 10% Tris-
glycine gels. Western blotting was performed using anti-
TH or anti-DAT (Millipore, Billerica, MA), as primary
antibodies and enhanced chemiluminescence signals were
quantified and normalized with B-actin.

Overall statistics

In these studies, all values are expressed as mean
and standard error of the mean (SEM). Differences
between means were analyzed using two-tailed Student
t-tests. When comparing three groups, One-way ANOVA
followed by Bonferroni's post-hoc comparison tests was
used. In all analyses, the null hypothesis was rejected at
the 0.05 level. All statistical analyses were performed
using the Prism Stat program (GraphPad Software, Inc.).

ACKNOWLEDGMENTS

Dr. Pasinetti holds a Career Scientist Award in the
Research and Development unit and is the Director of the
Basic and Biomedical Research and Training Program,
GRECC, James J. Peters Veterans Affairs Medical Center.
We acknowledge that the contents of this manuscript do
not represent the views of the U.S. Department of Veterans
Affairs or the United States Government.

CONFLICTS OF INTEREST

Drs. Chandraratna and Sanders are shareholders,
officers, and directors of Io Therapeutics, Inc., which is
developing IRX4204 for commercialization as a treatment
for PD.

FUNDING

This study was funded by lo Therapeutics, Inc., and
we thank Drs. Chandraratna and Sanders for providing the
IRX4204 compound for the study herein described.

REFERENCES

1. Dorsey ER, Constantinescu R, Thompson JP, Biglan KM,
Holloway RG, Kieburtz K, Marshall FJ, Ravina BM,
Schifitto G, Siderowf A, Tanner CM: Projected number of
people with Parkinson disease in the most populous nations,

10.

11.

12.

13.

14.

15.

16.

2005 through 2030. Neurology 1-30-2007;68:384-386.

Chen JJ: Parkinson’s disease: Health-Related Quality of
Life, Economic Cost, and Implications of Early Treatment.
Am J Manag Care 2010;S87-S93.

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE,
Dehejia A, Dutra A, Pike B, Root H, Rubenstein J, Boyer
R, Stenroos ES, Chandrasekharappa S, Athanassiadou A,
Papapetropoulos T, Johnson WG, Lazzarini AM, Duvoisin
RC, Di IG, Golbe LI, Nussbaum RL: Mutation in the alpha-
synuclein gene identified in families with Parkinson’s
disease. Science 6-27-1997;276:2045-2047.

Protter D, Lang C, Cooper AA: alphaSynuclein and
Mitochondrial Dysfunction: A Pathogenic Partnership in
Parkinson’s Disease?. Parkinsons Dis 2012;2012:829207.

Kalia LV, Kalia SK, McLean PJ, Lozano AM, Lang AE:
alpha-Synuclein oligomers and clinical implications for
Parkinson disease. Ann Neurol 2013;73:155-169.

Fahn S, Sulzer D: Neurodegeneration and neuroprotection
in Parkinson disease. NeuroRx 2004;1:139-154.

Smith Y, Wichmann T, Factor SA, DeLong MR:
Parkinson’s disease therapeutics: new developments
and challenges since the introduction of levodopa.
Neuropsychopharmacology 2012;37:213-246.

Rascol O, Lozano A, Stern M, Poewe W: Milestones
in Parkinson’s disease therapeutics. Mov Disord
2011;26:1072-1082.

Fasano A, Daniele A, Albanese A: Treatment of motor and
non-motor features of Parkinson’s disease with deep brain
stimulation. Lancet Neurol 2012;11:429-442.

Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow
CW: Lewy body-like pathology in long-term embryonic
nigral transplants in Parkinson’s disease. Nat Med
2008;14:504-506.

Price RD, Milne SA, Sharkey J, Matsuoka N: Advances
in small molecules promoting neurotrophic function.
Pharmacol Ther 2007;115:292-306.

Johann V, Jeliaznik N, Schrage K, Mey J: Retinoic acid
downregulates the expression of ciliary neurotrophic factor
in rat Schwann cells. Neurosci Lett 3-13-2003;339:13-16.
Young WJ, Smith SM, Chang C: Induction of the intronic
enhancer of the human ciliary neurotrophic factor receptor
(CNTFRalpha) gene by the TR4 orphan receptor. A
member of steroid receptor superfamily. J Biol Chem 1-31-
1997;272:3109-3116.

Friling S, Bergsland M, Kjellander S: Activation of Retinoid
X Receptor increases dopamine cell survival in models for
Parkinson’s disease. BMC Neurosci 2009;10:146.
Wallen-Mackenzie A, Mata de UA, Petersson S, Rodriguez
FJ, Friling S, Wagner J, Ordentlich P, Lengqvist J, Heyman
RA, Arenas E, Perlmann T: Nurrl-RXR heterodimers
mediate RXR ligand-induced signaling in neuronal cells.
Genes Dev 12-15-2003;17:3036-3047.

Hermanson E, Joseph B, Castro D, Lindqvist E, Aarnisalo
P, Wallen A, Benoit G, Hengerer B, Olson L, Perlmann T:

www.impactjournals.com/oncotarget

7477

Oncotarget



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Nurrl regulates dopamine synthesis and storage in MN9D
dopamine cells. Exp Cell Res 8-15-2003;288:324-334.

Saucedo-Cardenas O, Quintana-Hau JD, Le WD, Smidt
MP, Cox JJ, De MF, Burbach JP, Conneely OM: Nurrl is
essential for the induction of the dopaminergic phenotype
and the survival of ventral mesencephalic late dopaminergic
precursor neurons. Proc Natl Acad Sci U S A 3-31-
1998;95:4013-4018.

Zetterstrom RH, Solomin L, Jansson L, Hoffer BJ, Olson L,
Perlmann T: Dopamine neuron agenesis in Nurrl-deficient
mice. Science 4-11-1997;276:248-250.

Perlmann T, Wallen-Mackenzie A: Nurrl, an orphan
nuclear receptor with essential functions in developing
dopamine cells. Cell Tissue Res 2004;318:45-52.

Castillo SO, Baffi JS, Palkovits M, Goldstein DS, Kopin
1J, Witta J, Magnuson MA, Nikodem VM: Dopamine
biosynthesis is selectively abolished in substantia nigra/
ventral tegmental area but not in hypothalamic neurons in
mice with targeted disruption of the Nurrl gene. Mol Cell
Neurosci 1998;11:36-46.

Sacchetti P, Mitchell TR, Granneman JG, Bannon MJ:
Nurrl enhances transcription of the human dopamine
transporter gene through a novel mechanism. J Neurochem
2001;76:1565-1572.

Sakurada K, Ohshima-Sakurada M, Palmer TD, Gage
FH: Nurrl, an orphan nuclear receptor, is a transcriptional
activator of endogenous tyrosine hydroxylase in neural
progenitor cells derived from the adult brain. Development
1999;126:4017-4026.

Nichols WC, Uniacke SK, Pankratz N, Reed T, Simon DK,
Halter C, Rudolph A, Shults CW, Conneally PM, Foroud T:
Evaluation of the role of Nurrl in a large sample of familial
Parkinson’s disease. Mov Disord 2004;19:649-655.

Grimes DA, Han F, Panisset M, Racacho L, Xiao F, Zou
R, Westaff K, Bulman DE: Translated mutation in the
Nurrl gene as a cause for Parkinson’s disease. Mov Disord
2006;21:906-909.

Kadkhodaei B, Alvarsson A, Schintu N, Ramskold D,
Volakakis N, Joodmardi E, Yoshitake T, Kehr J, Decressac
M, Bjorklund A, Sandberg R, Svenningsson P, Perlmann
T: Transcription factor Nurrl maintains fiber integrity
and nuclear-encoded mitochondrial gene expression
in dopamine neurons. Proc Natl Acad Sci U S A 2-5-
2013;110:2360-2365.

Staels B: Regulation of lipid and lipoprotein metabolism by
retinoids. J Am Acad Dermatol 2001;45:S158-S167.

Hurst RE: Bexarotene ligand pharmaceuticals. Curr Opin
Investig Drugs 2000;1:514-523.

Sherman SI, Gopal J, Haugen BR, Chiu AC, Whaley K,
Nowlakha P, Duvic M: Central hypothyroidism associated
with retinoid X receptor-selective ligands. N Engl J Med
4-8-1999;340:1075-1079.

Cope MB, Steele VE, Lubet RA, Eto I, Juliana MM, Hill
DL, Grubbs CJ: Efficacy of 9-cis-retinoic acid and N-(4-

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

hydroxyphenyl) retinamide alone and in combination in
mammary cancer prevention. Oncol Rep 2004;11:465-469.

Grubbs CJ, Hill DL, Bland KI, Beenken SW, Lin TH, Eto
I, Atigadda VR, Vines KK, Brouillette WJ, Muccio DD:
9cUAB30, an RXR specific retinoid, and/or tamoxifen in
the prevention of methylnitrosourea-induced mammary
cancers. Cancer Lett 11-10-2003;201:17-24.

Hill DL, Grubbs CJ: Retinoids and cancer prevention. Annu
Rev Nutr 1992;12:161-181.

Lawrence JA, Adamson PC, Caruso R, Chow C, Kleiner
D, Murphy RF, Venzon DJ, Shovlin M, Noone M, Merino
M, Cowan KH, Kaiser M, O’Shaughnessy J, Zujewski J:
Phase I clinical trial of alitretinoin and tamoxifen in breast
cancer patients: toxicity, pharmacokinetic, and biomarker
evaluations. J Clin Oncol 5-15-2001;19:2754-2763.

Farol LT, Hymes KB: Bexarotene: a clinical review. Expert
Rev Anticancer Ther 2004;4:180-188.

Cotzias GC, Papavasiliou PS, Gellene R: L-dopa in
parkinson’s syndrome. N Engl ] Med 7-31-1969;281:272.
Minucci S, Leid M, Toyama R, Saint-Jeannet JP, Peterson
VI, Horn V, Ishmael JE, Bhattacharyya N, Dey A, Dawid
IB, Ozato K: Retinoid X receptor (RXR) within the RXR-
retinoic acid receptor heterodimer binds its ligand and
enhances retinoid-dependent gene expression. Mol Cell
Biol 1997;17:644-655.

Johnson MM, Michelhaugh SK, Bouhamdan M, Schmidt
CJ, Bannon MJ: The Transcription Factor NURRI
Exerts Concentration-Dependent Effects on Target Genes
Mediating Distinct Biological Processes. Front Neurosci
2011;5:135.

George JL, Mok S, Moses D, Wilkins S, Bush Al
Cherny RA, Finkelstein DI: Targeting the progression of
Parkinson’s disease. Curr Neuropharmacol 2009;7:9-36.

Marsden CD, Olanow CW: The causes of Parkinson’s
disease are being unraveled and rational neuroprotective
therapy is close to reality. Ann Neurol 1998;44:S189-S196.

Jenner P, Olanow CW: The pathogenesis of cell death in
Parkinson’s disease. Neurology 5-23-2006;66:524-S36.

Decressac M, Ulusoy A, Mattsson B, Georgievska B,
Romero-Ramos M, Kirik D, Bjorklund A: GDNF fails to
exert neuroprotection in a rat alpha-synuclein model of
Parkinson’s disease. Brain 2011;134:2302-2311.

Decressac M, Kadkhodaei B, Mattsson B, Laguna A,
Perlmann T, Bjorklund A: alpha-Synuclein-induced down-
regulation of Nurrl disrupts GDNF signaling in nigral
dopamine neurons. Sci Transl Med 12-5-2012;4:163ral56.

Nutt JG, Burchiel KJ, Comella CL, Jankovic J, Lang AE,
Laws ER, Jr., Lozano AM, Penn RD, Simpson RK, Jr.,
Stacy M, Wooten GF: Randomized, double-blind trial of
glial cell line-derived neurotrophic factor (GDNF) in PD.
Neurology 1-14-2003;60:69-73.

Livak KJ, Schmittgen TD: Analysis of relative gene

expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method. Methods 2001;25:402-408.

WWW

.impactjournals.com/oncotarget

7478

Oncotarget



44. Fisher LJ, Jinnah HA, Kale LC, Higgins GA, Gage FH:
Survival and function of intrastriatally grafted primary
fibroblasts genetically modified to produce L-dopa. Neuron
1991;6:371-380.

45. Pasinetti GM, Osterburg HH, Kelly AB, Kohama S,
Morgan DG, Reinhard JF, Jr., Stellwagen RH, Finch CE:
Slow changes of tyrosine hydroxylase gene expression in
dopaminergic brain neurons after neurotoxin lesioning:
a model for neuron aging. Brain Res Mol Brain Res
1992;13:63-73.

46. Bukhatwa S, Iravani MM, Zeng BY, Cooper JD, Rose
S, Jenner P: An immunohistochemical and stereological

analysis of PSI-induced nigral neuronal degeneration in the
rat. J Neurochem 2009;109:52-59.

www.impactjournals.com/oncotarget 7479 Oncotarget



