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Neurobiology of Disease

Striatal Nurrl Facilitates the Dyskinetic State and
Exacerbates Levodopa-Induced Dyskinesia in a Rat Model of
Parkinson’s Disease
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The transcription factor Nurrl has been identified to be ectopically induced in the striatum of rodents expressing L-DOPA-
induced dyskinesia (LID). In the present study, we sought to characterize Nurrl as a causative factor in LID expression. We used
rAAV2/5 to overexpress Nurrl or GFP in the parkinsonian striatum of LID-resistant Lewis or LID-prone Fischer-344 (F344) male
rats. In a second cohort, rats received the Nurrl agonist amodiaquine (AQ) together with 1-DOPA or ropinirole. All rats received a
chronic DA agonist and were evaluated for LID severity. Finally, we performed single-unit recordings and dendritic spine analyses
on striatal medium spiny neurons (MSNs) in drug-naive rAAV-injected male parkinsonian rats. rAAV-GFP injected LID-resistant
hemi-parkinsonian Lewis rats displayed mild LID and no induction of striatal Nurrl despite receiving a high dose of L.-DOPA.
However, Lewis rats overexpressing Nurrl developed severe LID. Nurrl agonism with AQ exacerbated LID in F344 rats. We addi-
tionally determined that in 1.-DOPA-naive rats striatal rAAV-Nurrl overexpression (1) increased cortically-evoked firing in a sub-
population of identified striatonigral MSNs, and (2) altered spine density and thin-spine morphology on striatal MSNs; both
phenomena mimicking changes seen in dyskinetic rats. Finally, we provide postmortem evidence of Nurrl expression in striatal
neurons of L-DOPA-treated PD patients. Our data demonstrate that ectopic induction of striatal Nurr1 is capable of inducing LID
behavior and associated neuropathology, even in resistant subjects. These data support a direct role of Nurrl in aberrant neuronal
plasticity and LID induction, providing a potential novel target for therapeutic development.
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(s )

The transcription factor Nurrl is ectopically induced in striatal neurons of rats exhibiting levodopa-induced dyskinesia [LID;

a side-effect to dopamine replacement strategies in Parkinson’s disease (PD)]. Here we asked whether Nurrl is causing LID.

Indeed, rAAV-mediated expression of Nurrl in striatal neurons was sufficient to overcome LID-resistance, and Nurrl ago-

nism exacerbated LID severity in dyskinetic rats. Moreover, we found that expression of Nurrl in 1-DOPA naive hemi-parkin-

sonian rats resulted in the formation of morphologic and electrophysiological signatures of maladaptive neuronal plasticity; a

phenomenon associated with LID. Finally, we determined that ectopic Nurrl expression can be found in the putamen of
\L-DOPA-treated PD patients. These data suggest that striatal Nurrl is an important mediator of the formation of LID. /

ignificance Statement

Received Dec. 10, 2019; revised Mar. 13, 2020; accepted Mar. 19, 2020.

Author contributions: R.C.S., K.S.-C., AR.W., and F.P.M. designed research; R.C.S., K.S.-C,, F.A, LM.S., T.J.C,,
CES., ARW., and F.P.M. performed research; J.H.K. contributed unpublished reagents/analytic tools; R.CS.,
KS.-C, FA, LMS, TJC, ARW., and F.P.M. analyzed data; R.CS., KS.-C, LMS., JHK, TJ.C, ARW., and
F.P.M. wrote the paper.

This work was supported by the National Institute of Neurological Disorders and Stroke NS098079 (F.P.M.,
K.S.-C., ARW.) and a Target Advancement Program Grant from the Michael J. Fox Foundation (K.S.-C.). We
thank J. Amiel Rosenkranz and Kuei Tseng for intellectual input and assistance with the design of
electrophysiological studies; and Nathan Kuhn, Brian Daley, Jennifer Stancati, and Christopher Kelp for surgical
and histological assistance.

K.S.C, F.P.M,, T.L.C, and CES. hold a patent describing genetic targeting of Nurr1 in the treatment of LID.
The remaining authors declare no competing financial interests.

Correspondence should be addressed to Fredric P. Manfredsson at fredric.manfredsson@barrowneuro.org.

https://doi.org/10.1523/JNEUR0SCI.2936-19.2020
Copyright © 2020 the authors

Introduction

Levodopa (L.-DOPA) is considered the gold-standard pharmaco-
therapy for ameliorating motor symptoms in Parkinson’s disease
(PD). The precursor to dopamine (DA), L-DOPA alleviates
motor symptoms by restoring striatal DAergic tone following the
loss of DA from degenerated substantia nigra pars compacta
(SNc) neurons (Cotzias et al., 1967; Fox et al,, 2011). Unfortunately,
chronic L-DOPA treatment leads to the development of drug-
induced abnormal involuntary movements (AIMs) in most PD
patients (Ahlskog and Muenter, 2001; Manson et al., 2012)
known as L-DOPA-induced dyskinesia (LID). These are disrup-
tive hyperkinetic and dystonic movements associated with
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supra-physiological plasma 1-DOPA levels. However, the
underlying cause of LID remains largely unknown.

A previous study looking at gene expression differences
between the direct and indirect striatal output pathways of the
basal ganglia in dyskinetic mice showed a marked increase in
expression of the transcription factor Nurrl in direct pathway
medium spiny neurons (MSNs; Heiman et al., 2014). The induc-
tion of Nurrl expression in striatal MSNs of dyskinetic animals
is particularly noteworthy because Nurrl is not normally
expressed in striatal neurons (Xiao et al., 1996). Similarly, we and
others have observed that Nurrl mRNA colocalizes with markers
of both the direct and indirect pathway in the rat dyskinetic stria-
tum following dyskinesiogenic L.-DOPA dosing, with a higher
abundance in the direct pathway (Sodersten et al., 2014; Sellnow
et al,, 2015). These findings provide compelling evidence that -
DOPA in the DA depleted striatum appears to induce ectopic
Nurrl expression, however, the importance/role of Nurrl in LID
formation remains unknown.

Nurrl is an orphan nuclear transcription factor and a mem-
ber of the NR4A family (Giguere, 1999) and its expression is cru-
cial for DAergic neuronal development and long-term function.
Indeed, Nurrl knock-out mice are not viable, and Nurrl+/—
heterozygotes show DA dysfunction and loss of SNc DA neurons
(Zetterstrom et al., 1997; Jiang et al.,, 2005; Kadkhodaei et al.,
2009). Nurrl expression in the SNc decreases with age in
humans, and in fact, multiple Nurr1 isoforms are associated with
familial forms of PD (Dekker et al, 2003; Le et al., 2003).
Accordingly, Nurrl-based therapeutics are of great interest as
potential disease-modifying treatments for PD. However,
although Nurrl in the SN may be of benefit in PD, its activity in
the striatum warrants further examination (Kim et al., 2015;
Smith et al,, 2015; Dong et al., 2016).

Much research has focused on LID-associated changes in the
physiology of the basal ganglia and its connecting target nuclei.
In vivo recordings of PD patients with deep brain stimulation
therapy have revealed impaired depotentiation in basal ganglia
output centers associated with severe LID (Prescott et al., 2014).
Similar findings in preclinical studies demonstrate a loss of bidir-
ectional plasticity associated with LID (Picconi et al, 2003).
Specifically, following DAergic denervation, the balance between
long-term potentiation (LTP) and long-term depression (LTD)
is lost in the striatum, indicating pathologic function and abnor-
mal neuroplasticity in corticostriatal transmission. Although L-
DOPA treatment restores this corticostriatal plasticity, LTD is
not present when LID develops (Picconi et al, 2003) and an
imbalance or dysfunction of striatal output is thought to be a key
factor in LID expression (Ryan et al., 2018).

Some of these LID-associated changes in striatal plasticity are
thought to be related to changes in dendritic spine morphology.
Indeed, striatal spine density and morphology are dramatically
altered in animal models following LID induction (Zhang et al.,
2013; Fieblinger et al., 2014; Nishijima et al., 2014; Suarez et al,,
2014; Maiti et al., 2015). These structural elements are dynamic,
and their proliferation or pruning can occur because of normal
neuronal processes such as motor learning or can be indicative
of pathologic states (Bagetta et al., 2010; Spiga et al., 2014; Maiti
et al, 2015). As in PD patients (McNeill et al., 1988), animal
models of PD have revealed dramatic spine loss following DA
depletion, and in preclinical models, reestablishment of spine
density occurs with L-DOPA (Zhang et al., 2013; Fieblinger et al.,
2014; Nishijima et al., 2014; Suarez et al,, 2014, 2016; Villalba
and Smith, 2018). However, whereas .-DOPA administration
results in normalization of total spine density in some MSNs
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(Fieblinger et al., 2014; Suarez et al., 2014), LID is associated with
maladaptive spine changes including a significant increase in the
number of large mushroom spines, multisynaptic spines, and
alterations in corticostriatal synapses (Zhang et al, 2013;
Fieblinger et al., 2014; Suarez et al., 2014). Thus, changes in spine
density, morphology, and corticostriatal transmission are impor-
tant pathophysiological factors associated with LID expression.
However, our understanding of underlying triggers or causes of
these aberrant modifications remains limited.

We posit that Nurrl is a critical trigger and master regulator
necessary for these maladaptive plasticity changes and the induc-
tion/expression of LID. Indeed, Nurrl expression is induced in
several cell types by multiple stimuli including stress, addiction,
and learning and memory. Within the learning and memory cir-
cuits of the hippocampus, Nurrl is induced in conjunction with
associative learning and is required for long-term memory for-
mation (Pena de Ortiz et al., 2000; Colon-Cesario et al., 2006;
Hawk et al., 2012). Nurrl also plays a key role in the remodeling
of basal ganglia circuits during addiction (Campos-Melo et al.,
2013). It is thus reasonable to suggest that Nurrl may play a sim-
ilar role in the aberrant plasticity associated with dyskinesiogene-
sis; a form of maladaptive motor learning. To determine whether
Nurrl is a key contributor to LID development we examined
whether it’s overexpression, in the absence or presence of 1-
DOPA, could induce dyskinesia expression and/or the structural
and physiological correlates of LID in striatal MSN. We used
gene therapy and pharmacological manipulations to modulate
expression and activity of Nurrl in MSNs of hemi-parkinsonian
rats and evaluated the effect on dyskinetic behaviors and MSN
structure and function.

Methods

Adeno-associated virus production

Vector design and production methods were used as described
previously (Benskey et al., 2016). Briefly, the human Nurrl or
the GFP coding sequence were cloned into an rAAV genome
under control of the CAG promoter. The genome was packaged
into rAAV2/5 via double transfection of HEK293 cells with
rAAV genome and the helper plasmid pXYZ5 as previously
described (Sandoval et al, 2019). Virus was purified using an
iodixanol gradient and concentrated in concentration columns.
Viral titer was ascertained by dot blot and adjusted to a working
titer of 1.0 x 1013 vg/ml.

Animals and surgeries

Adult male Sprague-Dawley (SD), Lewis, and Fischer-344 (F344)
rats (200-220 g on arrival; Charles River Laboratories) were used
in the studies. Studies were conducted in accordance with
Institutional Animal Care and Use Committee approval of
Michigan State University (AUF MSU06/16-093-00) and
Rosalind Franklin University (AUF A3279-01). Our investiga-
tion into Nurrl as a factor in LID was based on work examining
intrinsic genetic differences in the SD strain and the relation of
these differences to LID. Thus, initial experimentation was per-
formed on SD rats. However, a portion of SD rats are LID resist-
ant (Konradi et al., 2004; Zhang et al.,, 2013), adding significant
attrition to the experimentation. We therefore switched to
Fischer rats, which all develop LID (Sellnow et al., 2019). The
inclusion of Lewis rats was based on our preceding work (Steece-
Collier et al., 2020) where we demonstrate (1) the resistance of
this strain to LID, and (2) the result of an in-depth transcrip-
tional analysis comparing the two strains.
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Rats were housed two per cage up until LID behavior testing
began, when they were separated and singly housed in enriched
environment conditions. Animals were housed in a light-con-
trolled (12 h light/dark cycle) and temperature-controlled
(22 £ 1°C) room and had ad libitum access to standard labora-
tory chow and water.

All stereotaxic surgeries were performed under 2% isoflurane.
After being anesthetized, animals were placed in a stereotaxic
frame and 6-hydroxydopamine (6-OHDA) hydrobromide or
rAAV was delivered via a glass capillary needle fitted to a
Hamilton syringe (Benskey and Manfredsson, 2016). Three
weeks following lesion surgery, animals were tested for spontane-
ous forepaw use (cylinder test) to estimate lesion efficacy
(Sellnow et al., 2019). Rats were matched into vector groups
based on cylinder test forepaw deficits to ensure equal lesions
between the treatment groups. Animals in DA and Nurrl agonist
studies did not receive vector.

Lesions were performed using 5mg/ml 6-OHDA mixed in
0.2mg/ml ascorbic acid immediately preceding injections. SD
rats used for spine analysis were lesioned with two 2 pl injections
of 6-OHDA (10 g per injection) in the left striatum [first injec-
tion from bregma: Anterior posterior (AP): +1.6 mm, medial lat-
eral (ML): 2.4 mm, dorsal ventral (DV): —-4.2 mm from skull;
second injection from first injection site: AP: -1.4 mm, ML:
+0.2 mm, DV: -2.8 mm]. F344 and Lewis rats used in AIM
behavior and in vivo cell recordings received two 2 pl injections
of 6-OHDA (10 pg per injection), one in the medial forebrain
bundle (from bregma: AP: -4.3 mm, ML: +1.6 mm, DV: —8.4
mm from skull) and one in the SNc (from bregma: AP: —4.8
mm, ML: +1.7 mm, DV: —8.0 mm from skull). The needle was
lowered to the site and the injection began after 30 s. The needle
was removed 2 min after the injection was finished and cleaned
between each injection. Lesion efficacy was estimated 2.5 weeks
following 6-OHDA injection with the cylinder task as previously
described (Sellnow et al., 2019).

Viral delivery surgeries were performed similarly 3 weeks fol-
lowing 6-OHDA lesions, as described previously (Benskey and
Manfredsson, 2016). Animals in the LID behavior overexpres-
sion studies received a single 2 pl injection of either rAAV-Nurrl
or rAAV-GFP targeting lateral striatum (from bregma: AP: +0.5
mm, ML: +3.7 mm, DV: -5.3 mm from skull). Animals used in
morphologic and electrophysiology studies received two 2 pl
injections of either rAAV-Nurrl or rAAV-GFP targeting the
entire striatum to ensure that all sampled neurons were trans-
duced (first injection from bregma: AP:+1.0 mm, ML: + 3.0
mm, DV: -4.0 mm from dura; second injection from bregma:
AP: -1.6 mm, ML: +3.8 mm, DV: -5 mm from dura).

L-DOPA therapy and abnormal involuntary movements ratings

Animals in electrophysiology and spine analysis experiments
were not treated with .-DOPA or DA agonists before recordings
or sacrifice, and therefore remained non-dyskinetic. For behav-
ioral studies, drug-induced dyskinesia severity was evaluated
using the AIM scale (Lundblad et al., 2002; Steece-Collier et al.,
2003) by an observer blinded to treatment conditions. F344 and
Lewis rats received subcutaneous injections of either increasing
doses of L-DOPA (2-8 mg/kg) with benserazide (12 mg/kg), or
the DA receptor agonists SKF-81297 (0.8 mg/kg) and quinpirole
(0.2 mg/kg). Dosing occurred 3 d/week for 3 weeks for .-DOPA
studies and 1 week for DA agonist studies. The AIM scale was
used to rate drug-induced AIMs, as previously described (Steece-
Collier et al., 2003; Maries et al., 2006). Briefly, AIM severity is
evaluated by a blinded observer scoring the level of dystonia of
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the limbs and body, hyperkinesia of the forelimbs, and hyperoral
movements. Each AIM is given two scores; one indicating the in-
tensity (0=absent, 1=mild, 2=moderate, 3 =severe) and fre-
quency (0=absent, 1=intermittently present for <50% of the
observation period, 2 =intermittently present for >50% of the
observation period, 3=uninterruptable and present through
the entire rating period). Each AIM is given a severity score by
multiplying the intensity and frequency, and the overall AIM
score for each time point is a sum of severity for all behaviors.
The sum of all AIM scores from each time point makes up the
total AIM score. Peak-dose dyskinesia is considered to be 75 min
post-drug administration. An animal is considered non-dyski-
netic with a score of <4 ((Maries et al., 2006). Animals were
observed in 25 min increments following drug delivery until
AIMs subsided.

Pharmacological activation of Nurrl with 1-pora administration
To assess the impact of pharmacological activation of Nurrl on
LID expression, we used the Nurrl agonist AQ, which activates
the transcriptional function of Nurrl through physical interac-
tion with its ligand binding domain and provides neuroprotec-
tion against 6-OHDA-induced SN DA neuron loss in an in vivo
rat model (Kim et al, 2015). In all studies employing AQ we
used the previously reported neuroprotective dose (20 mg/kg).
Pretreatment with AQ (20 mg/kg twice per day; Kim et al., 2015)
was initiated before the introduction of L-pora. The rationale for
pretreatment was that potential neuroprotective therapy for PD
involving Nurrl agonists would presumably be initiated soon af-
ter diagnosis and before introduction of L-popa, which typically
occurs ~1 year after diagnosis (Simuni, 2018). To determine
whether AQ pretreatment exacerbated LID induction, adult male
SD rats rendered unilaterally parkinsonian with 6-OHDA (as
described in Animals and Surgeries) first received a low dose
(3mg/kg) of L-pora for 1 week (M-Fr). For all doses, levodopa
was administered with 12 mg/kg benserazide and 60 min after
AQ or the vehicle saline. The dose of L-pDoPawas next increased
to a moderate dose (6 mg/kg), which was given daily for 2 weeks
in the presence of AQ or saline. The dose was finally escalated to
a high dose (12mg/kg) for an additional week to determine
whether LID severity could be further escalated with high-dose
L-DOPA in the presence of AQ. LID were rated at 75 min post-L-
popA(“peak dose”) and at time points indicated in Figure 6A.

Pharmacological activation of Nurrl with ropinirole
administration
Ropinirole is a non-ergoline D2/D3 DA agonist used for the treat-
ment of motor dysfunction in early PD, and as adjunct therapy
along with r-popa in advanced stages of the disease (Zesiewicz et
al.,2017a,b). In early PD, monotherapy with ropinirole has signifi-
cantly less dyskinesia liability than levodopa in PD patients
(Hauser et al., 2007; Bastide et al., 2015; Zesiewicz et al., 2017a,b)
and parkinsonian rodents (Lundblad et al., 2002; Carta et al., 2008;
Lane and Dunnett, 2010). Additional rationale for examining the
interaction of ropinirole with Nurrl agonist neuroprotective ther-
apy is that neuroprotective drugs would most likely be adminis-
tered to individuals with PD early in the disease, a time when
monotherapy with DA agonistslike ropinirole is most common.
Before undertaking the reported studies, a pilot study was
done to establish a dose of ropinirole that in our hands would
produce stable, minimal dyskinetic behavior (e.g., total dyskine-
sia severity score of <10 in the absence of adjunct therapy over
2weeks). The necessity for this pilot dose-response study was
based on the fact that there is a significant range of doses of
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ropinirole reported in the literature to induce dyskinesias and/or
rotational behavior ranging from 0.04 mg/kg (Millan et al., 2004)
to 20mg/kg (Papathanou et al, 2011), as well as doses in
between. We found 0.2 mg/kg to fulfil the desired criterion. This
dose was increased to 0.5 mg/kg for a second time frame of 9 d as
depicted in Figure 6.

To determine whether AQ pretreatment exacerbated dyskine-
sia induction following chronic ropinirole administration, par-
kinsonian rats received once-daily AQ or the vehicle saline for
1week beginning 3-4weeks after 6-OHDA. To determine
whether AQ pretreatment exacerbated ropinirole-induced dyski-
nesias (RID) induction, unilaterally parkinsonian rats first
received a low dose (0.2 mg/kg) of ropinirole for 3 weeks (M-
Fr). The dose was escalated to 0.5mg/kg for an additional 2
weeks. Peak RID occurred at 20 min post-injection, and was
rated at time points indicated in Figure 6D.

In vivo single-unit recordings

Animals used for electrophysiology were shipped to Rosalind
Franklin University 3 weeks following vector delivery and
acclimatized for at least 3 weeks before initiation of recordings.
F344 rats were deeply anesthetized with urethane (1.5 g/kg in
physiological saline). In vivo extracellular single-cell recordings
of electrophysiologically identified striatal MSNs (Threlfell et al.,
2009; Sammut et al., 2010; Padovan-Neto et al.,, 2015), and in
some cases striatonigral projection neurons were measured in
vector-treated F344 rats without L-DOPA treatment, or in estab-
lished dyskinetic animals. Electrical stimulation and antidromic
activation of striatonigral neurons was performed as previously
described (Threlfell et al., 2009; Sammut et al., 2010). For anti-
dromic stimulation, an electrode was placed in the ipsilateral
substantia nigra pars reticulata (SNr; from bregma: AP: -5.0
mm, ML: +2.5 mm, DV: -8.0 mm from dura). For striatal
single-unit recording ipsilateral to cortical and SNr stimula-
tion, extracellular microelectrodes were lowered slowly
through the dorsolateral striatum (from bregma: AP: +0-0.75
mm, ML: +3.3-3.7 mm, DV: -3.0 to 6.5 mm from dura)
while electrical stimuli were delivered to the cortex to isolate
responsive striatal single-units. The order of stimulation trials
was counterbalanced across stimulus intensities/stimulation tri-
als (i.e., either 400-1000 or 1000-4000 pA). Spikes evoked by
stimulating the SNr were determined to be antidromically acti-
vated based on numerous criteria including spike collision
with orthodromic spikes, fixed action potential latency, and
identification of the spike threshold for all or none spiking
occurring consistently over 10 trials (Threlfell et al., 2009;
Sammut et al.,, 2010; Padovan-Neto et al., 2015).

Tissue collection and immunohistochemistry
Animals received a final injection of either L.-DOPA or DA ago-
nists 2 h before euthanasia. Rats were anesthetized deeply with a
lethal dose of sodium pentobarbital, and intracardially perfused
with Tyrode’s solution (in mm: 137 sodium chloride, 1.8 calcium
chloride dihydrate, 0.32 sodium phosphate monobasic dihydrate,
5.5 glucose, 11.9 sodium bicarbonate, 2.7 potassium chloride)
followed by 4% paraformaldehyde (PFA). Brains were rapidly
removed and postfixed for 72 h in 4% PFA before being trans-
ferred into 30% sucrose. Brains were sectioned on a freezing slid-
ing microtome at 40 um and stored at —20°C in cryoprotectant
(30% ethylene glycol, 0.8 mm sucrose in 0.5x tris-buffered
saline).

Immunohistochemistry (IHC) was performed as previously
reported (Benskey et al., 2018). A 1:6 series of free-floating tissue
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was stained for TH (MAB318, MilliporeSigma) Nurrl (AF2156,
R&D Systems) or GFP (AB290, Abcam). Briefly, sections were
washed in 1x TBS with 0.25% Triton X-100, incubated in 0.3%
H,O, for 30 min, and rinsed and blocked in 10% normal goat or
donkey serum for 2 h. Tissue was incubated in primary antibody
(TH 1:4000, Nurrl 1.5 ug/ml, GFP 1:20,000) overnight at room
temperature. After washing, tissue was incubated in secondary
antibody (Biotinylated horse anti-mouse IgG 1:500, BA-2001,
Vector Laboratories; biotinylated donkey anti-goat IgG 1:500,
AP180B, Millipore-Sigma; biotinylated goat anti-rabbit IgG
1:500, AP132B, Millipore-Sigma) followed by the Vectastain
ABC kit (Vector Laboratories). Tissue staining was developed
with 0.5mg/ml 3,3" diaminobenzidine (Sigma-Aldrich) and
0.03% H,O,. Sections were mounted on slides, dehydrated, and
coverslipped with Cytoseal (ThermoFisher).

IHC for Nurrl in human striatal tissue

We examined striatal brain sections from older adults diagnosed
with PD with dyskinesia or dementia with Lewy bodies (DLB;
sections from 3 subjects were screened) as control. Patient diag-
nosis was performed by movement disorders specialists at the
Rush University Movement Disorders Clinic. Subjects: average
age: 78.3, average UPDRS III (on): 50, all subjects were Hoehn&
Yahr stage 4 at time of death. All subjects signed an informed
consent for clinical evaluation. Postmortem consent was pro-
vided by next of kin or a legal representative. The Human
Investigation Committee at Rush University Medical Center
approved this study.

Free-floating striatal sections were washed in 1x TBS with
0.4% Triton six times for 10 min. Sections were incubated 0.3%
H,0, for 45 min, rinsed, mounted on slides, and allowed to dry
overnight. Antigen retrieval was performed using Antigen
Unmasking Solution (Vector Laboratories) at 80°C for 30 min,
and then removed from heat and allowed to cool in solution for
30 min. Following washing, slides were incubated in 10% NDS
serum for 4 h. Slides were incubated in Nurrl antibody (1.5 ug/
ml) overnight. Slides were then washed, incubated in secondary
antibody (donkey anti goat 1:500) for 4 h, followed by incubation
in ABC for 1 h. Nurrl protein was visualized using Vector SG
Peroxidase Substrate Kit (Vector Laboratories). Slides were then
coverslipped with Cytoseal (ThermoFisher).

In situ hybridization

In situ hybridization with THC was performed using the
RNAscope 2.5 HD Duplex Assay according to the manufac-
turer’s protocol (Advanced Cell Diagnostics). Forty micrometer
striatal sections were treated with the hydrogen peroxide solution
for at least 10 min, or until active bubbling from the tissue sub-
sided. Sections were washed in 1x TBS, mounted onto slides,
and allowed to dry for at least 48 h. Slides were then boiled for
10 min in the Target Retrieval solution, followed by Protease
Plus treatment. Tissue was hybridized with target probe for
direct and indirect pathway markers [dopamine receptor 1 (D1)
or enkephalin (Enk), respectively; Lu et al., 1997] for 2 h at 40°C.
Slides were rinsed in 1x RNAscope Wash Buffer. Sequential
amplification steps were then applied to the slides, with 1x wash
buffer rinses between each amplification. After the sixth amplifi-
cation, the probe was visualized using the Detect Red Signal solu-
tion for 10 min.

Immediately following in situ hybridization, the tissue was
stained immunohistochemically for Nurrl. IHC was performed
as described, and Nurrl protein was visualized using Vector SG
Peroxidase kit (Vector Laboratories).
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Golgi-Cox impregnation and spine analysis

SD rats for spine analysis were perfused with Tyrode’s solu-
tion followed by 4% PFA. Brains were removed and hemi-
sected. The caudal portion of the brain was then postfixed in
4% PFA and used for lesion evaluation. The rostral portion
was postfixed for 1 h and then transferred to 0.2 M phosphate
buffer until further processing. The rostral section was sec-
tioned on a vibratome at 100 pum. Sections were then proc-
essed for Golgi-Cox impregnation as described previously
(Levine et al, 2013). Briefly, sections were sandwiched gently
between two glass slides and placed into the Golgi-Cox solu-
tion (1% mercury chloride, 1% potassium chromate, 1% potas-
sium dichromate) in the dark for 14d. Sections were
transferred into a 1% potassium dichromate solution for 24 h.
Sections were mounted on 4% gelatin-coated slides and the
stain was developed with 28% ammonium hydroxide followed
by 15% Kodak fixer. Slides were dehydrated in alcohol and
xylene and coverslipped.

Spine density and morphology were quantified using
Neurolucida (MicroBrightField Bioscience) as previously described
(Zhang et al,, 2013). Neurons of the dorsal striatum were
selected for analysis. To be selected for quantification, a neuron
needed at least four primary dendrites that projected radially,
not bidirectionally, from the cell body. One dendrite per neu-
ron was traced and the spines quantified and typified. Each
spine was typified into one of four classes: thin, mushroom,
stubby, and branched (Maiti et al., 2015). Ten individual den-
drites per hemisphere per animal were quantified. Spine quan-
tity and phenotype were evaluated based on total dendrite

Experimental design and model validation. A, Experimental timeline showing timing of surgeries and LID induc-
tion. AIM scores were evaluated as indicated by squares. B—D, 6-OHDA injections caused near-complete loss of TH fibers in the
striatum (B) as well as TH-positive cells in the SNc (). Stereology confirmed that all animals had >>94% TH cell loss in the SNc
(D). E-H, Nurr1 (E, F) and GFP (G, H) vector-mediated expression were confirmed in the striatum with IHC. Scale bars: B, C, E,

Statistical analysis

Statistical analysis was performed using
StatView v5.0 or GraphPad Prism v7.0
(GraphPad Software). All graphs were
created in GraphPad. Lesion status was
evaluated using unpaired, one-tailed ¢
tests. Mean AIMs were evaluated using
a Mann-Whitney U test or the Kruskal-
Wallis test. Differences between vector
groups were compared with p <0.05
being considered statistically significant.
For Nurrl agonist studies, the means of
the total LID or RID from each rating
day were compared between treatment
groups (LD+AQ vs LD+Veh) using
Mann-Whitney U. Although the mean
is the most common statistic used, to be most judicious based on
the current international interest in Nurrl activating drugs for
patients with PD, we also present here the median scores across
time because extreme/outlier values do not affect the median as
strongly as they do the mean. Median scores were grouped per
dose and compared between LD+AQ and LD+Veh using an
unpaired ¢ test. Differences in spine quantity and morphology
were evaluated using unpaired ¢ tests. Differences across MSN re-
cording sites within separate vector groups at each recording site
and outcomes from animals were compared across experimental
groups using a two-way repeated-measures ANOVA (vs Nurrl)
x 2 (vs drug treatment) with an « set to 0.05. For all electrophys-
iological experiments, rat group sizes, and all n values of MSNs
recorded across vector groups were determined to be adequately
powered for based on outcomes from power analyses performed.
The potential two-way interaction between treatment groups was
also examined to determine how treatment effects differ as a
function of drug treatment or gene therapy (Padovan-Neto et al.,
2015).

Results

rAAV transduction of Nurrl does not exacerbate AIMs in LID-
susceptible but does in LID-resistant rats

We first aimed to determine whether ectopic Nurrl expression
can exacerbate LID in LID susceptible and resistant rats. All
Fischer-344 (F344) and all Lewis rats included in the final
analysis were lesioned with >94% TH loss (Fig. 1B-D), vali-
dated postmortem with stereological quantification of TH
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firmed with postmortem IHC in either A
rAAV-Nurrl (F344: n=7, Lewis n=>5)

or rAAV- GFP (F344: n=7, Lewis
n=5) transduced rats (Fig. 1E-H).
Vector-mediated expression results in

robust Nurrl expression in both F344
and Lewis rats. Notably, vector trans-
duction resulted in markedly higher
Nurrl expression than what was seen
in rAAV-naive, LID+ F344 animals,

F344

Lewis

where Nurrl is ectopically upregulated
in response to dyskinesiogenic 1-
DOPA (Fig. 2A,C). rAAV-naive Lewis
animals, however, express much lower
level AIMs than rAAV-naive F344 rats,

C LD+

D Lb-

6-OHDA Intact 6-OHDA

and also do not ectopically express Nurrl
inthestriatum (Fig.2B).

AlIMs testing began 3 weeks follow-
ing virus delivery to ensure maximal
transgene expression before animals
being placed on a L-DOPA treatment
paradigm (for experimental timeline,
see Fig. 1A). To evaluate AIMS, animals
were first challenged with vehicle (0 mg/ B

. LD+
“  6-OHDA. : ..

b+ oo L e Db
Intact ; 6-OHDA

F G

kg 1-DOPA, 12 mg/kg benserazide) to
determine whether Nurrl overexpres-
sion would cause drug-independent
AIMs. No vector group showed AIMs
following vehicle administration (Fig.
3). When treated with L.-DOPA, F344
treated with rAAV-Nurrl or GFP rats
showed no significant differences in
total AIM scores at any rating time
point [Fig. 5A-D; total AIM sum: D1 2mg/kg rAAV-Nurrl
(Median [Md]=0.5) rAAV-GFP (Md=1), U=17, p>0.05; D3
4mg/kg rAAV-Nurrl (Md=8) rAAV-GFP (Md=6.5), U=10,
p>0.05 D5 6mg/kg rAAV-Nurrl (Md=39.5) rAAV-GFP
(Md=29), U=14, p>0.05; D8 8 mg/kg rAAV-Nurrl (Md = 55)
rAAV-GFP (Md=42), U=12, p>0.05 D10 8 mg/kg rAAV-
Nurrl (Md=61.5) rAAV-GFP (Md=52.5), U=11, p>0.05;
D12 8 mg/kg rAAV-Nurrl (Md=57.5) rAAV-GFP (Md=48),
U=14, p>0.05; D15 8 mg/kg rAAV-Nurrl (Md=55) rAAV-
GFP (Md=63), U=15, p>0.05; D17 8 mg/kg rAAV-Nurrl
(Md =62.5)rAAV-GFP (Md = 54), U=13,p > 0.05]. Additionally,
Nurrl overexpression did not differentially impact individual
attributes of LID (Fig. 4). These data suggest that additional
induction of striatal Nurrl above an apparent threshold does not
exacerbate AIMs of LID-prone F344 rats.

In contrast, the normally LID-resistant Lewis rat treated with
rAAV-Nurrl developed severe LID when treated chronically
with 1-DOPA, whereas rAAV-GFP control rats expressed low-
level AIMs (Fig. 5E-H). This was first observed at the 6 mg/kg
treatment, in both total AIM score sum and peak-dose LID [total
AIM sum 6 mg/kg rAAV-Nurrl (Md=34) rAAV-GFP (Md =
3), U=3, p<0.05 peak-dose AIM 6mg/kg rAAV-Nurrl
(Md =13.5) rAAV-GFP (Md =4), U=0, p < 0.01]. rAAV-Nurrl-
treated Lewis rats also displayed more severe AIMs than their
rAAV-GFP counterparts on Days 8, 10, and 19 with 8 mg/kg -
DOPA [peak dose AIMs: Day 8 rAAV-Nurrl (Md=16) rAAV-
GFP (Md=3), U=2, p<0.05; Day 10 rAAV-Nurrl (Md =16)
rAAV-GFP (Md=6), U=0, p<0.01; Day 17 rAAV-Nurrl

Figure 2.

Abnormal Nurr1 upregulation in dyskinetic rats. A, Nurrl IHC in the lesioned striatum of a LID+ F344 rat.
Abnormal Nurr1 expression can be seen throughout the lesioned striatum. A" is increased magnification of area outlined in A.
B, Nurr1 IHC in the lesioned striatum of a LID+ Lewis rat. B is increased magnification of area outlined in B. No Nurr1 expres-
sion is seen in these animals. Similarly, dyskinetic SD rats (C, left hemisphere; E) exhibit ectopic striatal Nurrl, whereas no
Nurr1 can be seen in the intact hemisphere of the same animal (C, right hemisphere; F) or in LID resistant SD rats (D, G). Scale
bar, 100 pum. Asterisk indicates the cortex which has normal expression of Nurr1.

Day 0, vehicle
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Figure 3.  Striatal Nurr1 overexpression does not induce drug-independent AlMs. F344

rats treated with rAAV-Nurr1 or rAAV-GFP do not express AIMs when treated with vehide
(0mg/kg L-DOPA, 12 mg/kg benserazide) showing that Nurr1 overexpression does not pro-
mote AIMs without drug treatment.

(Md=13.5) rAAV-GFP (Md=4), U=0, p < 0.01; Day 19 rAAV-
Nurrl (Md=16) rAAV-GFP (Md=3), U=2, p<0.05].
Additionally, rAAV-Nurrl Lewis AIM scores were indistin-
guishable from both rAAV-GFP and rAAV-Nurrl F344 rats (Fig.
5I-]). Together, these data shows that the expression of Nurrl is
sufficient to overcome resistance to severe LID seen in Lewis
animals.
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Figure 4.  Nurr1 does not impact individual AOLs in LID-susceptible rats. 4, Axial AIMs, comprised of trunk and neck dystonia, are not different between rAAV-Nurr1 and rAAV-GFP F344 rats.

B, Orolingual AlMs, comprised of chewing and tongue protrusions, are not different between vector groups. €, Forelimb AlMs, comprised of forelimb hyperkinesia and dystonia, are not different
at most time points between vector treatment groups. There was a significant difference between the groups at 150 min postinjection. *p < 0.05. Rating period shown at Day 17 with 8 mg/

kg 1-DOPA dosing.
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Figure 5.

rAAV-mediated striatal overexpression of Nurr1 induces severe AIMs in LID-resistant rats. A, The total AIM score sum of each rating session showed no differences between rAAV-

Nurr1 and rAAV-GFP LID-susceptible F344 rats. Both groups developed severe AIMs similarly over the treatment regimen. B, Peak-dose LID severity (75 min postinjection) over each rating pe-
riod. No differences in peak-dose severity between vector groups was observed in F344 rats. C, D, Animals were treated with 8 mg/kg 1-DOPA on Days 10—17. Both groups showed similar AIM
expression over time (left) and peak-dose AIMs (right). E, Total AIM score sum showed exacerbated AIMs on Days 5, 8, 10, 12, and 19 in rAAV-Nurr1 treated LID-resistant Lewis rats. F, Peak-
dose LID severity show rAAV-Nurr1 treated Lewis rats developing significantly more severe AIMs than rAAV-GFP animals at 6 and 8 mg/kg doses. G, H, Individual rating periods on Days 10-17
with 8 mg/kg treatment. rAAV-Nurr1 animals developed AIMs more severe than rAAV-GFP animals at multiple time points during the observation period. Days 10 (/) and 17 (J) AIM rating
time course comparing rAAV treated LID-resistant Lewis rats to LID-susceptible F344 rats. rAAV-Nurr Lewis animals showed indistinguishable AIMs time course and peak-dose severity com-
pared with both groups of F344 rats. rAAV-GFP Lewis animals showed significantly lower LID severity than both rAAV-Nurr1 treated Lewis and F344 rats. rAAV-GFP treated F344 rats did not

show significantly higher AIMs than rAAV-GFP treated Lewis rats. *p < 0.05, **p < 0.01.

The induction of severe AIMs with ectopic Nurrl expression
in an otherwise LID resistant strain shows that Nurrl is directly
involved in LID development.

Nurrl agonist therapy exacerbates LID

Based on the evidence that ectopic striatalNurrl expression can
act as a molecular trigger for LID induction in otherwise resistant
Lewis rats, we next sought to determine whether pharmacologi-
cal activation of Nurrl, which is being investigated as a neuro-
protective therapy for PD (Kim et al,, 2015; Smith et al., 2015;
Dong et al., 2016), would also exacerbate LID. Unilaterally par-
kinsonian SD animals were pretreated for 1 week with a neuro-
protective dose of the Nurrl agonist AQ (20 mg/kg; Kim et al,
2015) followed by L-DOPA+AQ combined administration (Fig.
6A). AQ pretreatment, followed by daily administration of L-

DOPA+AQ showed statistical evidence of exacerbation of LID
severity, which was evident across all doses (Fig. 6D) but being
most notable compared with L.-DOPA+Veh at the moderate
(6 mg/kg) dose of L-DOPA (Fig. 6B).

Nurrl agonist therapy exacerbates low-dose RID

We next examined the impact of AQ on AIMs in unilaterally
parkinsonian SD rats pretreated with AQ (20 mg/kg) followed by
chronic AQ plus ropinirole (Fig. 6E), a drug with less dyskinetic
liability. Although less pronounced than the effect of AQ in the
presence of L-DOPA, pretreatment, followed by daily administra-
tion of the same neuroprotective dose of AQ in the presence of
ropinirole did reveal some statistical evidence of exacerbated
RID severity (Fig. 6F,H). This was most evident at the higher
dose of ropinirole (0.5mg/kg) as reflected by a trend toward
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Figure 6.

Neurobehavioral consequences of chronic Nurr1 agonist therapy on the expression of LID and RID in parkinsonian rats A, E, Timeline depicting treatment regimen with AQ and

1-DOPA (A) or ropinirole (E) in parkinsonian rats. B, Mean LID AIM scores in parkinsonian SD rats were significantly higher in animals treated with 1-DOPA + AQ compared with .-DOPA +
Vehicle (Veh) at moderate (6 mg/kg) and high (12 mg/kg) doses of L-DOPA. C, D, Median scores show a pattern enhanced LID severity in .-DOPA + AQ compared with .-DOPA + Veh rats (C)
with statistically enhanced severity when median scores are grouped by (-DOPA doses (D). F, Mean RID AIM scores show more modest evidence of enhanced dyskinesia severity in Ropinirole
(Rop) + AQ compared with Rop + Veh groups, which was most evident at the higher dose (0.5 mg/kg) as reflected by a trend toward elevated mean RID severity at Days 1 and 3, with signif-
icant difference at Day 9 (F) together with the median data (H). G, Median RID AIM scores show a pattern enhanced LID severity in ropinirole + AQ compared with ropinirole + Veh rats. ns

= not significant.

elevated mean RID severity at Days 1 and 3 and significant dif-
ference at Day 9 (Fig. 6F), together with the median data (Fig.
6H), which is less affected by outliers than mean data.

Nurrl expression is induced by pharmacological activation of
direct pathway MSN

We next examined whether preferential activation of either the
striatal direct or indirect pathways is sufficient to reproduce the
pathophysiological characteristics of LID and upregulation of
Nurrl. Previous reports have found r-DOPA-induced Nurrl
expression in both direct pathway MSNs (dMSNs) and indirect
pathway MSNs (iMSNs). To examine this, we induced AIMs in
parkinsonian F344 rats with the selective D1/D5 agonist SKF-
81297 or D2/D3 agonist quinpirole; saline injection as a con-
trol. Rats were treated for 1 week with either drug and eutha-
nized 2 h following the final dosing. Moderate and severe
AIMs developed in animals treated with SKF-81297 (Fig. 7).
Quinpirole-treated rats expressed significantly less severe
AIMs. No saline-treated animals developed AIMs. Statistical
analysis showed that drug-induced AIMs were significantly

different between treatment groups (peak-dose AIMs: Kruskal-
Wallis statistic=6.78, p < 0.05). IHC revealed abundant Nurrl
expression in the lesioned striatum of SKF-81297 rats, but
notably not in those expressing low-level AIMS following D2/
D3 agonist treatment or in the absence of AIMs. These data
suggest that selective D1 receptor activation readily elevates
Nurrl and AIMs behavior, supporting the view that selective
indirect pathway activation does not induce maladaptive stria-
tal Nurrl expression, but that direct pathway activation is
required for this event.

To determine whether direct pathway activation leads to
Nurrl expression in predominantly dMSN, we performed dual
label in situ hybridization with THC to localize Nurrl protein
with mRNA of direct and indirect pathway markers (D1 and
Enk, respectively; Lu et al., 1997). We observed cellular colocali-
zation of Nurrl protein and both markers of striatal projection
neurons (D1 and Enk) in SKF-81297 AIM-expressing animals
(Fig. 7F,G). These findings suggest that Nurrl expression in the
indirect pathway is dependent on direct pathway activation. We
also examined this in rats treated with quinpirole and saline, but
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Figure 7.

Abnormal striatal Nurr1 expression is induced by direct D1 receptor activation. A, AIM scores from the final treatment with either D1 agonist (SKF-81297), D2 agonist (quinpirole),

or saline. D1-agonist treated rats displayed severe AIMs, while D2 agonist treated animals expressed moderate AIMs. No AIMs were observed in saline treated animals. B, Peak-dose AIM sever-
ity from the final drug treatment. *p < 0.01, **p < 0.05. (—E, Nurr1 IHC in lesioned striatum of animals treated with SKF-81297 (C), quinpirole (D), or saline (E). Nurr1 protein was only
observed in the lesioned striatum of dyskinetic rats treated with SKF-81297 (€). Nurr1 was not observed in the lesioned striatum of LID+ rats treated with quinpirole D). No Nurr1 was seen
in saline treated animals (E). Scale bar, 100 um. F, In situ hybridization for D1 (red) and IHC for Nurr1 protein (blue) in striatum of LID+ animal treated with D1 agonist SKF-81297. D1 tran-
script and Nurr protein are colocalized (white arrows) in some neurons, but not others (black arrows). G, In situ hybridization for enkephalin (red) and IHC for Nurr1 protein (blue) in the stria-
tum of an LID+ animal treated with D1 agonist SKF-81297. The enkephalin transcript is seen to colocalize with Nurr1 protein (white arrows). Some cells show Nurr1 expression with no

enkephalin transcript (black arrows). Scale bar, 100 pm.

no colocalization was observed, because no Nurrl protein was
expressed in these animals (Fig. 8).

rAAV-induced Nurrl expression in the absence of .-DOPA indu-
ces LID-like pathophysiological corticostriatal transmission and
dendritic spine changes

Animals for electrophysiology and spine analysis studies were
rendered parkinsonian with 6-OHDA injections as described
previously (Schwarting and Huston, 1996; Soderstrom et al,,
2010). Animals included in these analyses showed ~75-80%
cell loss in the injected hemisphere and there was no differ-
ence in lesion severity between vector groups (Fig. 9A-C;
rAAV-Nurrl % TH neurons remaining=21.48 * 3.12; rAAV-
GFP % TH neurons remaining=27.87 = 5.26; t;3) = 1.08, p
>0.05). This degree of lesion is sufficient to induce enduring
striatal changes that occur following DA depletion. Transgene
expression was confirmed with ITHC, and all animals included
in the analysis showed robust transgene expression in the
striatum (Fig. 9D,E). These animals were used for in vivo
electrophysiology or spine analysis (the N values for these
studies are reported in the figure legends).
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Figure 8.  Nurr1 colocalization with iMSN in quinpirole and saline treated rats A, In situ

hybridization for enkephalin (Enk) and with IHC for Nurr1 in a dyskinetic rat treated with
quinpirole. No Nurr1 protein was observed in these animals. B, In situ hybridization for Enk
with IHC for Nurr1 in a saline treated animal show no abnormal Nurr induction in saline
treated rats.

To understand how ectopic Nurrl expression can impact cor-
ticostriatal signaling and striatal output, we performed in vivo
extracellular single-unit recordings of MSNs while testing for
orthodromic and antidromic responses, before and after an acute
saline or .-DOPA challenge. These studies yielded recordings
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Figure 9.  Comparisons between cortically-evoked spike characteristics of antidromically-identified striatonigral projection neurons recorded from DA depleted rAAV-naive rats treated with
chronic L-DOPA (LID+), rAAV-GFP injected L-DOPA naive animals, or rAAV-Nurr1 injected L-DOPA naive animals. A—C, Lesion status was confirmed with IHC for TH. TH immunoreactivity was
dramatically reduced in the interjected hemisphere of the striatum () and substantia nigra (B). Stereological estimates of remaining TH-positive neurons show significant cell loss in both vec-
tor groups (). D, E, Transgene expression from viral vector delivery was confirmed in the striatum with IHC for Nurr1 (D) or GFP (E). Scale bars: A, B, 17 mm; D, E 1 pm. F-J, Comparisons
between cortically-evoked spike characteristics of antidromically-activated striatonigral projection neurons recorded from DA-depleted rAAV-naive rats treated with chronic 1-DOPA (LID+),
rAAV-GFP injected L-DOPA naive animals, or rAAV-Nurr1 injected -DOPA naive animals. F, Traces of typical cortically-evoked responses from isolated striatonigral projection neurons. Ten consec-
utive overlaid responses are shown. Graphs compare the spike probability (G), average number of total spikes evoked during a stimulus trial at each current intensity tested (H), and onset la-
tency of cortically-evoked spikes, in antidromically-identified dMSNs during cortical stimulation (/). Main stimulus intensity-dependent effects on cortically-evoked spike probability of dMSNs
(striatonigral projection neurons) were observed in both LID-+ and Nurr-1 overexpressing rats compared with vehicle treated DA-depleted GFP-expressing controls (*p<< 0.001). Post hoc com-
parisons revealed a significant increase in the probability and number of evoked responses to cortical stimulation at the 400-600 LA current intensities in both LID+ and Nurr-1 overexpressing
rats compared with vehicle treated DA-depleted, GFP-expressing control rats (*p<< 0.05). No significant differences in onset latency (p> 0.05) or SD of latency (data not shown) of cortically-
evoked responses were observed. J, The current threshold for eliciting antidromic spike activity in identified striatonigral dMSNs, which were not responsive to cortical stimulation recorded in
rAAV-Nurr1 rats (242 @A = 36.9) was significantly lower than that of vector naive, LID+ rats (608.9 pA == 72.9, p = 0.0039), indicating that Nurrl overexpression leads to an L-DOPA-inde-
pendent upregulation in the axonal/terminal excitability of dMSNs that is greater than that induced by chronic L-DOPA exposure. Data are derived from N'=9/6 D1+ Nurr1- DA-depleted cells/
rats (saline + L-DOPA; 5 mg/kg chronic, same acute challenge dose on the recording day), and N=5/4 Nurr1+ DA-depleted cells/rats (saline + 1-DOPA; 5 mg/kg acute challenge). **p =
0.0039.

from both identified dMSNs (antidromically activated from the = DOPA (LID+), rAAV-GFP injected 1-DOPA naive animals, or
SNr; i.e., SNr+; Fig. 9), as well as a larger population of unidenti- ~ rAAV-Nurrl injected 1.-DOPA naive animals (Fig. 9F-I). We
fied MSNs likely composed of dMSNs as well as iMSNs (SNr-; ~ Wwere able to positively identify a subpopulation of dMSNs via an-
Fig. 10). tidromic stimulation in all three groups. In this population of

All MSNs that were not successfully identified (SNr—) were rAAV-Nurrl rats, cortically-evoked spike responses were found
combined together and compared across groups to gain insight ~ to mimic typical activity observed in rAAV-naive dyskinetic rats,
into possible changes in striatal output as a whole (Fig. 10), in 1- compared with nontreated vector control rats which showed a
DOPA naive parkinsonian rats injected with rAAV-Nurrl or much less robust response to cortically stimulation (Fig. 9G,H).
rAAV-GFP. After a MSN was isolated, spontaneous and corti- ~ Last, we measured the current threshold required to elicit anti-
cally-evoked responses to a range of stimulation intensities ~ dromic activation in identified dMSNs that did not respond to
(1000, 800, 600, and 400 pA), and the presence of antidromic  cortical stimulation but did respond to antidromic activation
responses were recorded as described above and in previous  (SNr+), in vector naive, LID+ rats and compared them to simi-
studies (Threlfell et al., 2009). lar measures from non-dyskinetic rats treated with rAAV-Nurrl.

First we compared the spike probability and onset latency of =~ We found that in the striatum of rAAV-Nurrl rats, dMSNs ex-
cortically-evoked spikes in identified (SNr+) dMSNs recorded  hibit a significant reduction in the current threshold required to
from DA-depleted rAAV-naive rats treated with chronic 1-  elicit antidromic spike activity compared with dMSNs recorded
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Figure 10.  Comparisons between cortically-evoked spike characteristics of unidentified MSNs recorded from DA-

depleted parkinsonian, vector naive rats treated with saline or chronic 1-DOPA, and vector-treated (rAAV-GFP or rAAV-
Nurr1) animals not chronically treated with 1-DOPA. A-D, Cortically-evoked spike probability pre- and post-.-DOPA delivery
in GFP and Nurr1 injected rats. MSNs recorded in GFP rats showed a higher spike probability after 1-DOPA delivery at
400 pA stimulation (n=12-21 cells, 7-10 rats per group). B, No differences in the onset latency of cortically-evoked
spikes was observed in either vector group before, and following 1-DOPA injection (n = 12-23 cells, 7-10 rats per group).
C, MSNs recorded in established LID+ rats (chronic 1-DOPA, vector naive) exhibited higher cortically-evoked spike probabil-
ity than those recorded in GFP injected, Nurr1 injected, and rAAV-naive saline treated controls (n = 13-31 cells, 716 rats
per group). D, LID+ rats exhibited significantly shorter spike onset latencies than both vector-treated groups and saline

controls (*p < 0.05, **p < 0.01; n=12-32 cells, 7-16 rats per group).

in animals with established dyskinesias (rAAV-Nurrl L-DOPA
naive, 242pA *36.9; rAAV-naive LID+, 608.9pA *72.9;
p=0.0039; Fig. 9]). Together, these studies indicate that dMSNs
ectopically expressing Nurrl are significantly more responsive to
excitatory corticostriatal synaptic drive, and at least a subpopula-
tion of dMSNs, which could not be driven by cortical stimula-
tion, exhibit enhanced axonal/terminal membrane excitability
compared with dMSNs recorded in LID+ rats. Thus, Nurrl may
be priming the abnormal signaling activity that occurs with
chronic 1-DOPA therapy associated with LID.

We next compared vector treated rats with vector naive ani-
mals treated chronically with 1-DOPA, and therefore LID+.
Spike probability was increased, and spike onset latency was
decreased in LID+ animals, indicating an increase in cortico-
striatal drive onto MSNs following chronic L-DOPA exposure.
Both the spike probability and onset latency of cortically-evoked
spikes recorded in rAAV-GFP and rAAV-Nurrl animals were
significantly different compared with similar measures per-
formed in LID+ animals, and these responses more resembled
vector naive, L-DOPA naive rats (Fig. 9H,I). These outcomes sug-
gest that pathophysiological alterations in corticostriatal circuits
affecting striatal projection neuron activity are dependent on
LID presence and not Nurrl expression alone.

Finally, we measured the current threshold required to elicit
antidromic activation in identified dMSNs in vector naive, LID+
rats and compared them to similar measures from non-dyski-
netic rats treated with rAAV-Nurrl. We found that in the stria-
tum of rAAV-Nurrl rats, dMSNs exhibit a significant reduction
in the current threshold required to elicit antidromic spike activ-
ity in dMSNs compared with animals with established dyskine-
sias (rAAV-Nurrl 1-DOPA naive, 242 pA * 36.9; rAAV-naive
LID+, 608.9 pA £ 72.9; p=0.0039; Fig. 9]). This indicates that
dMSNs ectopically expressing Nurrl are significantly more re-
sponsive to excitatory corticostriatal synaptic drive, suggesting
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DOPA therapy associated with LID.
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changes are induced by Nurrl expression
Dramatic changes in spine density and
morphology in LID models has been previ-
ously demonstrated (Zhang et al, 2013;
Fieblinger and Cenci, 2015). In addition,
Nurrl is involved in learning and memory-
associated plasticity classically associated
with spine changes (Pena de Ortiz et al,
2000; Colon-Cesario et al., 2006). Given
that LID are often considered an aberrant
form of motor learning we sought to deter-
mine whether Nurrl expression could
affect MSN spines in the absence of expo-
sure to L-DOPA. Similar to the rats used
for electrophysiology, these animals did not
receive L.-DOPA at any time, again allowing
us to determine the effect of Nurrl on
DA-depleted MSNs independent of drug
treatment. Spine analysis revealed there
was a significant decrease in total spine
density in rAAV-Nurrl treated animals
(rAAV-Nurrl total spines/ 10 pm = 4.85
* 0.10, rAAV-GFP total spines/10 pm =
598 +031; £=3.68, p < 0.05 Fig
11A). This difference was not specific to either the proximal
or distal portions of the dendrite (rAAV-Nurrl proximal
spines/10 um =3.54 * 0.31, distal spines/10 pm=5.58 * 0.41;
rAAV-GFP proximal spines/10 pm =4.24 = 1.45, distal spines/
10 um =6.89 = 0.74). These data clearly indicate that Nurrl
does impact striatal dendritic spine dynamics, even in the ab-
sence of DA signaling related to L-DOPA, and may play a
role in spine plasticity changes accompanying LID.

We next compared spine morphology, an indicator of synap-
tic strength and spine dynamics (Maiti et al., 2015), between
rAAV-Nurrl and rAAV-GFP animals. We found that ectopic
Nurrl expression led to a change in two specific spine pheno-
types. rAAV-Nurrl animals displayed significantly fewer thin
spines than controls (rAAV-Nurrl thin spines/10 pm = 3.38 =
0.09, rAAV-GFP thin spines/10 pm=4.48 *+ 0.43; f5, = 2.98,
p<<0.05). We also observed fewer branched (also known as
cupped or bifurcated) spines in rAAV-Nurrl (branched spines/
10 um=0.15%0.01) than in rAAV-GFP animals (branched
spines/10 um =0.23 = 0.02; t5) = 3.35, p<<0.05; Fig. 11B). No
difference between groups was observed with stubby or mush-
room spines. Cumulatively, these data implicate Nurrl, inde-
pendent of L-DOPA, as a molecular regulator of the maladaptive
striatal spine plasticity that has been shown in animal models of
LID.

Nurrl is expressed in the striatum of L-DOPA-treated PD
patients

Conservation of a variable across species is important to support
not only its involvement in preclinical models but its relevance
to the human disease state. In order to begin to assess whether
Nurrl induction also occurs in human disease, we performed a
small qualitative IHC study to assess Nurrl expression in the
striatum of dyskinetic PD patients who had been treated with L-
DOPA. In multiple cases (all confirmed dyskinetic), we observed
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Nurr1-induced alterations in dendritic spine density and morphology A, Dendritic spine density of MSNs in the lesioned hemisphere of rats treated with rAAV-Nurr1 or rAAV-GFP.

Nurr1 expression caused a decrease in total number of spines. rAAV-Nurr1 total spines/10 m = 4.85 == 0.10, rAAV-GFP total spines/10 pm = 5.98 = 0.31; #5=3.68, *p < 0.05. B, rAAV-
Nurr expression induced a decrease in both thin and branched type spines compared with rAAV-GFP controls. rAAV-Nurr1 thin spines/10 pm = 3.38 = 0.09, rAAV-GFP thin spines/
10 pum = 4.48 = 0.43; 1(5=2.98, *p < 0.05. C, Representative image of dendritic spines on Golgi—Cox stained MSN. Scale bar, 50 pm.

distinct nuclear Nurrl staining in the putamen of PD patients
(Fig. 12A). This signal was not observed in age-matched controls
with DLB that never received L-DOPA (Fig. 12B). This observa-
tion is the first direct connection of Nurrl to LID in PD patients.
It is important to note that the scope of this analysis was limited
in terms of the number of patients. Moreover, the extremely lim-
ited availability of postmortem tissue from L-DOPA treated, LID
negative, subjects precluded us from assessing the status of stria-
tal Nurrl in this crucial control group.

Discussion

Although previous studies have demonstrated that ectopic
induction of striatal Nurrl is associated with LID (Heiman et al.,
2014; Sodersten et al., 2014), the current study demonstrates that
not only is striatal Nurrl expression capable of inducing LID
behavior in genetically resistant subjects, but also provides the
first evidence of a genetic modifier of LID directly inducing mor-
phologic and electrophysiological signatures of this behavioral
malady independent of L-DOPA. In the following paragraphs we
provide discussion related to the contribution of our studies in
advancing understanding of the role of this transcription factor
in LID, as well as potential clinical ramifications.

Genotype-to-phenotype impact of ectopic striatal Nurrl

The homogenous genotype of inbred rat strains has served in
preclinical models to advance understanding genetic factors
underlying differences in behavioral phenotypes. Lewis and F344
rats are well known to display differences in response to psychos-
timulant addiction liability (Brodkin et al., 1998; Miguens et al.,
2011; Valenza et al.,, 2016; Fole et al., 2017), a behavioral phe-
nomenon with many similarities to LID in that both are consid-
ered to result from aberrant associative or motor learning and

rewiring of basal ganglia neural circuits following DA-related
priming. We recently demonstrated in an extensive characteriza-
tion study (Steece-Collier et al., 2020) that these rat strains also
show dramatically different LID liability, with Lewis rats showing
distinct resistance to LID expression in contrast to robust devel-
opment in F344 rats. Using this novel model, we report here that
ectopic induction of striatal Nurrl in LID-resistant Lewis rats
can induce LID severity to the same high level as seen in LID-
prone F344 rats, suggesting that striatal Nurrl expression is a key
factor in: (1) LID development, and (2) the differential suscepti-
bility between these two inbred rat strains. Further, these data
suggest that Nurrl expression is not a downstream byproduct of
LID, but rather plays a causative role in LID development.
Continuing studies aimed at identifying genetic or epigenetic dif-
ferences between the strains that may explain their differential
upregulation of Nurrl in response to L-DOPA would be valuable
for the identification of molecular traits or signatures involved in
LID susceptibility.

In addition to ectopic induction of striatal Nurrl being capa-
ble of converting genetically LID-resistant rats to LID-expressing
rats, the current data provides novel insight that this particular
genetic modifier of LID can directly induce striatal phenotypic
morphologic and electrophysiological changes independent of L-
DOPA. Specifically, we found that ectopic Nurrl expression in
the absence of L-DOPA resulted in a decrease in total number of
dendritic spines, reflective of specific decreases in thin and
branched spines.

Although there remains some controversy as to the exact na-
ture of spine changes in the parkinsonian striatum, it is well
established that striatal DA depletion results in loss of dendritic
spines on MSNs in PD and in animal models of PD (McNeill et
al., 1988; Ingham et al., 1989; Day et al., 2006; Soderstrom et al.,
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2010; Zhang et al., 2013; Fieblinger et al., 2014; Nishijima et al,,
2014; Fieblinger and Cenci, 2015), with dyskinogenic r-DOPA
generally restoring spine density (for details of this complex phe-
nomenon, see Bastide et al., 2015). Thus, although a decrease in
total spine number following ectopic Nurrl induction may
appear contrary to the previous reports of an overall restoration
in the striatal spine density in dyskinetic animals, studies in both
mice and rats (Zhang et al., 2013; Fieblinger et al., 2014; Suarez
et al., 2014) have reported that despite some degree of re-estab-
lishment of spines with LID, the total density tends to remain
statistically below that seen in intact subjects (Zhang et al., 2013;
Fieblinger et al., 2014). Specifically, Fieblinger et al. (2014) dem-
onstrate in transgenic (tg) mice with green fluorescent protein or
tdTomato under control of D1 or D2 receptor regulatory ele-
ments, which allows specific examination of iMSNs and dMSN:Ss,
that DA depletion resulted in loss of dendritic spines only in
iMSNs but not dMSNSs. In the presence of dyskinogenic .-DOPA
they found that even when iMSNs showed a restoration of spines
density, the total number of spines remained below levels in the
intact striatum. And this occurred coincident with dMSNs show-
ing a further significant decrease in total number of spines com-
pared with both control and parkinsonian striatum. In contrast
Suarez et al. (2014) found that spine density in these same par-
kinsonian tg mice was decreased in both iMSNs and dMSNss, but
similar to Fieblinger et al. (2014) they too found that in the dys-
kinogenic striatum spine density was (1) restored to control lev-
els in iMSNSs, (2) significantly reduced in dMSNSs, and (3) overall
total spine density was less than in sham controls. In addition,
we have previously demonstrated using Golgi methods that in -
DOPA treated, LID expressing parkinsonian rats, that there is a
significant reduction in spine density compared with the non-
lesioned control rats (Zhang et al., 2013). Although our previous
data showed a trend for total spine density in dyskinetic rats to
be higher than in non-L.-DOPA-treated parkinsonian rats, per-
haps related to the aforementioned differential iMSN versus
dMSN spine dynamics, dyskinogenic and drug naive parkinso-
nian rats all show decrease in spine density compared with intact
control striatum (Zhang et al, 2013). Although the Golgi

Nurr1 is expressed in the striatum of L-DOPA treated PD patients. IHC for Nurr1 in the putamen of postmor-
tem patient samples of a Parkinson’s disease patient diagnosed with LID (A) and an age-matched patient with DLB (.-
DOPA naive). Areas in A" and A" show areas of increased magnification in A (Nurr1 +). Area in B” shows Nurr1-negative

Nurrl in the absence of non-physiological
DA stimulation causes a generalized decrease
in spine density. Regardless, together the
present data support the idea that striatal
Nurrl impacts spine plasticity and implicates
this orphan nuclear receptor as a molecular
factor involved in promoting the maladaptive
spines changes associated with LID.

Although the mechanism of this effect remains to be deter-
mined, Nurrl is known to heterodimerize with another NR4A
transcription factor, Nur77 (Maira et al., 1999). Nur77 is endoge-
nously expressed in the adult striatum, and is increased by L-
DOPA treatment in denervated animals, primarily in dMSNs (St-
Hilaire et al., 2003; Mahmoudi et al., 2009). Similar to our findings,
viral overexpression of Nur77 in the striatum can exacerbate AIMs
in rats (Rouillard et al., 2018) and also induce spine loss in hippo-
campal neurons, supporting an important role the NR4A family of
transcription factors in affecting synaptic plasticity (Chen et al,,
2014).

In keeping with ectopic Nurr1 directly affecting corticostriatal
synaptic plasticity we show here that Nurrl expression alone, in-
dependent of dyskinesiogenic doses of L-DOPA, can induce an
LID-like alteration in cortically-evoked firing specifically in
dMSNs responding to an to acute, non-dyskinesiogenic, low-
dose of L-DOPA given at the time of recording. Specifically, these
studies provide novel evidence that ectopic expression of Nurrl
is capable of inducing hyper-corticostriatal drive and increased
output from dMSNs. Indeed, in a small subset of identified
dMSNs (Fig. 9), we saw an identical increase, compared with
rAAV-GFP-treated subjects, in spike probability in rAAV-
Nurrl-expressing animals which was similar to that observed in
LID+ rats treated chronically with L-DOPA, suggesting that
Nurrl induces an enhancement in excitatory corticostriatal syn-
aptic plasticity preferentially in dMSNs, regardless of chronic L-
DOPA administration and LID expression. This increase in
responsiveness to cortical drive is consistent with the above
observed decrease in spine density as this would be expected to
result in a more electrotonically compact neuronal membrane
due to the resulting increase in MSN membrane resistance, lead-
ing to increased intrinsic excitability and potentially, larger post-
synaptic responses to excitatory glutamatergic corticostriatal
drive (Gertler et al., 2008).

Direct pathway activation is required for Nurrl induction
Although there is considerable evidence for interactions between
the direct and indirect pathways in LID pathology, Nurrl has
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previously been reported to be expressed primarily in MSNs of
the direct pathway in association with LID (Heiman et al., 2014).
Our pharmacological studies using the selective D1/D5 agonist
SKF-81297 or D2/D3 agonist quinpirole support that although
AIMs are observed under conditions of either preferential direct
or indirect pathway activation, AIMs are more severe with a
selective D1 receptor agonist and Nurrl induction in striatal
MSNs occurred only in parkinsonian rats treated with the DA
D1 receptor agonist. Interestingly, despite preferential activation
of D1 receptor MSN, we observed Nurrl induction in both the
direct and indirect pathway MSNs. It is uncertain why Nurrl
transcript was not induced following treatment with the selective
D2 receptor agonist. It is possible that there are D2-dependent,
Nurrl-independent pathways that can lead to LID development,
suggesting that the mechanism for the low-severity LID develop-
ment in the Lewis strain is a distinct phenotype from the canoni-
cal parkinsonian LID. However, although AIMs were observed
with quinpirole, the phenotype was not only less severe, but was
also generally more reflective of hyperkinesia than the trunk and
limb dystonia typical of SKF-81 297 or L.-DOPA.

These findings indicate that Nurrl induction in the striatum
is dependent on supra-physiological activation of striatonigral
dMSN transmission, however, this may not be completely deter-
mined in a singular manner by increased excitatory corticostria-
tal drive (i.e., changes in inhibitory influences driven by striatal
fast-spiking interneurons may also be occurring, which could
shunt cortical drive, despite the concurrent expression of
increased intrinsic membrane excitability). Based on our previ-
ous studies characterizing the excitatory effect of the phosphodi-
esterase 10A inhibitor compound TP-10 (increase in proportion
of striatonigral/dMSNs responding to antidromic activation; no
change in cortically-evoked spikes in these same cells; (Threlfell
et al., 2009), and other studies (Padovan-Neto et al., 2015;
Beaumont et al., 2016), it is plausible that the large decreases in
antidromic threshold observed herein may point to increases in
axonal membrane or terminal excitability at the level of the
midbrain, induced by Nurr-1 overexpression in dMSN.
Furthermore, these changes in intrinsic membrane excitability
can be indirectly inferred or detected by this antidromic activa-
tion/terminal excitability approach (Groves, 1983). Based on the
above studies, we know that excitatory increases in MSN mem-
brane activity can occur in Huntington's disease models which are
opposite to the deficit in excitatory corticostriatal drive observed in
these models (Cepeda et al, 2007; Sepers and Raymond, 2014;
Beaumont et al., 2016; Bunner and Rebec, 2016). It is likely that the
intrinsic membrane excitability may increase and become more re-
sponsive to local current injection, and as thought in HD, in a com-
pensatory manner as a result of decreased afferent drive, causing
changes in the balance between inhibitory and excitatory afferent
inputs at the level of the cell body (e.g., striatum) could limit corti-
cally-driven synaptic activity in a manner that is compartmentalized
in the distal dendrites, although changes in plasticity can also occur
at the level of axonal membrane that would not be affected by the
striatal afferents.

Additionally, our studies indicate that D1 receptor activation
is sufficient to induce Nurrl expression in not only direct, but
also a subpopulation of iMSNs. These data align with studies of
other immediate early genes in LID, such as Homer-la and
FosB, which show that D1 priming is required for expression in
D2 neurons (Pollack and Yates, 1999; Yamada et al., 2007;
Pollack and Thomas, 2010). Based on the finding that F344 rats
treated with the D2 selective agonist quinpirole and Lewis rats
treated with 1-DOPA develop only mild-to-moderate AIMs,
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which were not associated with striatal Nurrl induction, it is rea-
sonable to suggests that Nurrl may act as a “master regulator” in
the striatum and when expressed/activated can induce changes
in corticostriatal transmission, striatal output, and motor behav-
ior that lead to more severe dyskinesia.

A mechanistic model of Nurrl activation

In recent work we demonstrated that genetic silencing of striatal
Cavl.3 L-type channel in hemi-parkinsonian rats both prevents
and reverses LID (Steece-Collier et al., 2019). Cavl.3 has long
been appreciated as a key regulator of dendritic spine morphol-
ogy, including that of MSN, and loss of striatal DA is linked to
dysregulation of this channel (Day et al, 2006). Downstream
effects of activation of L-type calcium channels are linked to
gene regulation and neuronal plasticity (Stanika et al., 2016).
However, the mediators of this activity remain elusive. To that
end, our data presented herein suggests that Nurrl may be an
important meditator of Cavl.3 transcriptional and plasticity ac-
tivity. Indeed, in vitro studies have shown that Cavl.3 activity,
mediated via calcineurin, can result in induction of Nurrl
expression (Tokuoka et al, 2014). As discussed elsewhere,
depending on the level of expression (Johnson et al., 2011; Chen
et al., 2014), this induction in Nurrl expression would thus be a
chief modulator of dendritic spine changes. Further work is
needed to fully elucidate effector molecules downstream of
Nurrl transcriptional activity.

Clinical indications for Nurrl in PD: Nurrl agonists and
LID

Nurrl has received a great deal of attention in the past several of
years for its essential role in the survival of nigral DA neurons
(Zetterstrom et al., 1997; Jiang et al.,, 2005; Kadkhodaei et al.,
2009), and its potential to slow death of these neurons in PD
(Decressac et al., 2013; De Miranda et al., 2015; Kim et al., 2015;
Smith et al., 2015; Volakakis et al, 2015; Dong et al., 2016).
However, although Nurrl agonist therapy directed at nigral neu-
rons may offer a promising new avenue of neuroprotective ther-
apy, the evidence presented here and in other reports (Heiman et
al., 2014; Sodersten et al., 2014) suggests that induction of extra-
nigral Nurrl, specifically within the striatum, is a critical trigger
for the induction of LID. We hypothesized that if systemic
administration of drugs that activate Nurrl were to be employed
in PD for neuroprotection, this could result in the exacerbation
of LID, further compromising quality of life. To provide the first
proof-of-principle evidence, we used the FDA-approved antima-
larial drug AQ, which has been demonstrated in human neuro-
blastoma cells expressing Nurrl to facilitate the transactivation
of Nurrl thru direct binding to the Nurrl ligand binding domain
and provide neuroprotection against 6-OHDA-induced nigral
DA neuron loss in an in vivo rat model (Kim et al., 2015). We
demonstrate here that daily AQ given in the presence of either L-
DOPA or the D2/3 receptor agonist ropinirole, a drug with less
dyskinesia liability and is often used in early PD (Hauser et al.,
2007; Bastide et al., 2015; Zesiewicz et al.,, 2017a) significantly
exacerbates expression of AIMs in parkinsonian rats. These data
suggest that systemic administration of Nurrl activating drugs
with DA agonist therapy may be contraindicated in PD once DA
agonist therapy is initiated.

Clinical indications for Nurrl in PD: suppressing activation of a
repressed gene

An immediate implication of our results is the potential for local
striatal Nurrl silencing in the treatment of LID as Nurrl
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activation is largely ectopic by nature in the dyskinetic striatum.
Specifically, whereas other NR4A transcription factors are
expressed endogenously in the striatum, in the non-dyskinetic
striatum Nurrl is undetectable (Xiao et al., 1996; Zetterstrom et
al., 1996; Sodersten et al., 2014). This unique gene profile could
provide a powerful therapeutic advantage since targeted inhibi-
tion of striatal Nurrl would be anticipated to result in no adverse
physiological events because its expression within the striatum is
aberrant. This would contrast targeted inhibition of other striatal
LID-associated genes that are known to be integral and necessary
for normal neuronal function. For instance, administration of
isradipine has been used to inhibit L-type CaV channels in pre-
clinical models of LID. However, although such approaches have
been effective, the ubiquitous expression pattern of these chan-
nels could lead to adverse off-target effects.

Conclusions

Data presented here demonstrate that Nurr1 is not only a marker
of LID in preclinical models and is evident in dyskinetic human
PD patients, but is directly involved in LID development, expres-
sion, and severity. We further demonstrate that ectopic Nurrl
expression is capable of facilitating aberrant or pathologic corti-
costriatal transmission and striatal projection neuron activity, as
well as altering neuronal spine morphology in a way that mimics
the disturbances in circuit neuroplasticity reported by other
investigators (changes in spine morphology and synaptic plastic-
ity resulting in persistent LTP-like changes or increases in synap-
tic scaling; McNeill et al., 1988; Picconi et al., 2003; Bagetta et al.,
2010; Zhang et al., 2013; Fieblinger et al., 2014; Nishijima et al,,
2014; Prescott et al., 2014; Spiga et al., 2014; Suarez et al., 2014,
2016; Maiti et al, 2015; Ryan et al., 2018; Villalba and Smith,
2018), and could promote LID. This characterization of Nurrl
highlights its important and potentially, causative role in LID,
suggesting that Nurrl agonists-based therapies for neuroprotec-
tion in PD may be contraindicated but that targeted silencing
may be uniquely poised to provide a safe and effective anti-dyski-
netic treatment option.
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