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Abstract
Background

The transcription factor Nurr1 has been identified to be ectopically induced in the
striatum of dyskinetic rodents expressing L-DOPA-induced dyskinesia (LID). In the

present study, we sought to characterize Nurr1 as a causative factor in LID expression.

Methods

We used rAAV2/5 to overexpress Nurr1 or GFP in the parkinsonian striatum of LID-
resistant Lewis or LID-prone Fischer-344 (F344) rats. In a second cohort, rats received
the Nurr1 agonist amodiaquine (AQ) together with L-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 in drug-naive rAAV-

injected parkinsonian rats.

Results

rAAV-GFP injected LID-resistant Lewis rats displayed mild LID and no induction of
striatal Nurr1. However, Lewis rats transduced to overexpress Nurr1 developed severe
LID. Nurr11 agonism with AQ exacerbated LID in F344 rats. We additionally determined
that in L-DOPA-naive rats striatal rAAV-Nurr1 overexpression 1) increased firing activity
in dopamine-depleted striatal direct pathway neurons, and 2) decreased spine density
and thin-spine morphology on striatal medium spiny neurons, mimicking changes seen
in dyskinetic rats. Finally, we provide post-mortem evidence of Nurr1 expression in the

striatum of L-DOPA treated PD patients.

Conclusions
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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 Nurr1 in aberrant neuronal plasticity and LID induction, providing a

potential novel target for therapeutic development.
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Introduction

Levodopa (L-DOPA) is considered the gold-standard pharmacotherapy for ameliorating
motor symptoms in Parkinson’s disease (PD). The precursor to dopamine (DA), L-
DOPA alleviates motor symptoms by restoring basal ganglia DAergic tone following the
loss of DA from degenerated substantia nigra pars compacta (SNc) neurons (1, 2).
Unfortunately, chronic L-DOPA treatment leads the development of drug-induced
abnormal involuntary movements (AIMs) in most PD patients (3, 4) known as L-DOPA-
induced dyskinesia (LID). These are disruptive hyperkinetic and dystonic movements
associated with supra-physiological plasma L-DOPA levels. However, the underlying

cause of LID remains largely unknown.

A previous study looking at gene expression differences between the direct and indirect
pathway of the basal ganglia in dyskinetic mice showed a marked increase in
expression of the transcription factor Nurr1 in direct pathway medium spiny neurons
(MSN) (5). The induction of Nurr1 expression in striatal MSN of dyskinetic animals is of
particular interest because Nurr1 is not normally expressed in striatal neurons (6).
Similarly, we and others have observed that Nurr1 mRNA colocalizes with markers of
both the direct and indirect pathway in the rat dyskinetic striatum following
dyskinesiogenic L-DOPA dosing, with a higher abundance in the direct pathway (7-9).
These findings provide compelling evidence that L-DOPA in the DA depleted striatum
appears to induce ectopic Nurr1 expression, however, the role of Nurr1 in LID formation

remains unknown.

Nurr1 is an orphan nuclear transcription factor and a member of the NR4A family (10)

and its expression is crucial for DAergic neuronal development and long-term function.
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Indeed, Nurr1 knockout mice are not viable, and Nurr1+/- heterozygotes show DA
dysfunction and loss of SNc DA neurons (11-13). Nurr1 expression in the SNc
decreases with age in humans, and in fact, multiple Nurr1 isoforms are associated with
familial forms of PD (14, 15). Accordingly, Nurr1-based therapeutics are of great interest
as potential disease-modifying treatments for PD. However, while Nurr1 in the SN may

be of benefit in PD, its activity in the striatum warrants further examination (16-18).

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 (DBS) therapy have revealed impaired depotentiation in basal ganglia
output centers associated with severe LID (19). Similar findings in preclinical studies
demonstrate a loss of bidirectional plasticity associated with LID (20). Specifically,
following DAergic denervation, both long-term potentiation (LTP) and long-term
depression (LTD) are lost in the striatum, indicating pathological function and abnormal
neuroplasticity in corticostriatal transmission. While L-DOPA treatment restores this
corticostriatal plasticity, LTD is not present when LID develop (20) and an imbalance or

dysfunction of striatal output and is thought to be a key factor in LID expression (21).

Some of these LID-associated changes in striatal plasticity are likely related to changes
in dendritic spine morphology. Indeed, striatal spine density and morphology are
dramatically altered in animal models following LID induction (22-26). These structural
elements are dynamic, and their proliferation or pruning can occur due to normal
neuronal processes such as motor learning or can be indicative of pathological states
(26-28). As in PD patients (29), animal models of PD have revealed dramatic spine loss

following DA depletion, and in preclinical models, reestablishment of spine structure
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occurs with L-DOPA (22-25, 30,31). However, while L-DOPA administration results in
normalization of total spine density in some MSN (23), LID is associated with
maladaptive spine changes including a significant increase in the number of large
mushroom spines, corticostriatal synapses, and multisynaptic spines in dyskinetic
animals (22). Thus, changes in spine density, morphology, and corticostriatal
transmission are important pathophysiological factors associated with LID expression.
However, our understanding of underlying triggers or causes of these aberrant

modifications remains limited.

We posit that Nurr1 is a critical trigger and master regulator necessary for these
maladaptive plasticity changes and the induction/expression of LID. Indeed, Nurr1
expression is induced in several cell types by multiple stimuli including stress, addiction,
and learning and memory. Within the learning and memory circuits of the hippocampus,
Nurr1 is induced in conjunction with associative learning and is required for long-term
memory formation (32-34). Nurr1 also plays a key role in the remodeling of basal
ganglia circuits during addiction (35). It is thus reasonable to suggest that Nurr1 may
play a similar role in the aberrant plasticity associated with dyskinesiogenesis -- a form
of maladaptive motor learning. To determine whether Nurr1 is a key contributor to LID
development we examined whether it's overexpression, in the absence or presence of
L-DOPA, could induce dyskinesia expression and/or the structural and physiological
correlates of LID in striatal MSN. We utilized gene therapy and pharmacological
manipulations to modulate expression and activity of Nurr1 in MSN of hemiparkinsonian

rats and evaluated the effect on dyskinetic behaviors and MSN structure and function.

Methods
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Adeno-associated virus production

Vector design and production methods were used as described previously (36). Briefly,
the human Nurr1 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 (37). 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 1.0x10"3 vg/ml.
Animals and surgeries

Adult male Sprague Dawley (SD), Lewis, and Fischer-344 (F344) rats (200-220g on
arrival, Charles River, Wilmington, MA) were used in the studies. Studies were
conducted in accordance with Institutional Animal Care and Use Committee (IACUC)
approval of Michigan State University (AUF MSU06/16-093-00) and Rosalind Franklin
University (AUF# A3279-01). Rats were housed two per cage up until LID behavior
testing began, when they were separated and singly housed. Animals were housed in a
light-controlled (12 hours light/dark cycle) and temperature-controlled (22+1 °C) room
and had free access to standard lab 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 (Hamilton, Reno, NV) (38). Three weeks following lesion surgery, animals were
tested for spontaneous forepaw use (cylinder test) to estimate lesion efficacy (39). Rats

were matched into vector groups based upon cylinder test forepaw deficits in order to
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ensure equal lesions between the treatment groups. Animals in DA and Nurr1 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 2L injections of 6-OHDA (10ug per injection) in the left striatum (15t injection from
bregma: Anterior Posterior (AP) + 1.6mm, Medial Lateral (ML) 2.4mm, Dorsal Ventral
(DV) — 4.2mm from skull; 2" injection from 15t injection site: AP — 1.4mm, ML +0.2mm,
DV — 2.8mm). F344 and Lewis rats used in AIM behavior, LFP, and in vivo cell
recordings received two 2yl injections of 6-OHDA (10ug per injection), one in the medial
forebrain bundle (MFB, from bregma: Anterior Posterior (AP) — 4.3mm, Medial Lateral
(ML) + 1.6mm, Dorsal Ventral (DV) - 8.4mm from skull) and one in the SNc (from
bregma: AP - 4.8mm, ML + 1.7mm, DV - 8.0mm from skull). The needle was lowered to
the site and the injection began after 30 seconds. The needle was removed two minutes
after the injection was finished and cleaned between each injection. Lesion efficacy was
estimated two and a half weeks following 6-OHDA injection with the cylinder task as

previously described (40, 41).

Viral delivery surgeries were performed similarly three weeks following 6-OHDA lesions,
as described previously (38). Animals in the LID behavior overexpression studies
received a single 2l injection of either rAAV-Nurr1 or rAAV-GFP targeting lateral
striatum (from bregma: AP + 0.5mm, ML + 3.7mm, DV — 5.3mm from skull). Animals
used in morphological and electrophysiology studies received two 2ul injections of either
rAAV-Nurr1 or rAAV-GFP targeting the entire striatum in order to ensure that all

sampled neurons were transduced (1% injection from bregma: AP + 1.0mm, ML +
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3.0mm, DV — 4.0mm from dura; 2" injection from bregma: AP — 1.6mm, ML + 3.8mm,

DV — 5mm from dura).
L-DOPA therapy and abnormal involuntary movements ratings

Animals in electrophysiology and spine analysis experiments were not treated with L-
DOPA or DA agonists prior to recordings or sacrifice, and therefore remained non-
dyskinetic. For behavioral studies, drug-induced dyskinesia severity was evaluated
using the abnormal involuntary movement (AIM) scale (42, 43). F344 and Lewis rats
received subcutaneous injections of either increasing doses of L-DOPA (2-8mg/kg) with
benserazide (12mg/kg), or the DA receptor agonists SKF-81297 (0.8mg/kg) and
quinpirole (0.2mg/kg). Dosing occurred three days a week for three weeks for L-DOPA
studies and one week for DA agonist studies. The AIM scale was used to rate drug-
induced AlMs, as has been previously described (43, 44). Briefly, AIM severity is
evaluated by scoring the level of dystonia of the limbs and body, hyperkinesia of the
forelimbs, and hyperoral movements. Each AIM is given two scores—one indicating the
intensity (O=absent, 1=mild, 2=moderate, 3=severe) and frequency (0O=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 timepoint is a sum of severity for all behaviors. The
sum of all AIM scores from each timepoint makes up the total AIM score. Peak-dose
dyskinesia is considered to be 75 minutes post drug administration. An animal is
considered non-dyskinetic with a score of <4 (44). Animals were observed in 25-minute

increments following drug delivery until AIMs subsided.
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Pharmacological activation of Nurr1 with levodopa administration

To assess the impact of pharmacological activation of Nurr1 on LID expression, we
utilized the Nurr1 agonist amodiaquine (AQ). Pre-treatment with AQ (20mg/kg twice per
day (16)) was initiated prior to introduction of levodopa. The rationale for pretreatment
was that potential neuroprotective therapy for PD involving Nurr1 agonists would
presumably be initiated soon after diagnosis and prior to introduction of levodopa, which
typically occurs approximately one year after diagnosis (45). To determine whether AQ
pre-treatment exacerbated LID induction, adult male Sprague Dawley rats rendered
unilaterally parkinsonian with 6-OHDA (as described above) first received a low dose
(3mg/kg) of levodopa for one week (M-Fr). For all doses, levodopa was administered
with 12mg/kg benserazide and 60 minutes after AQ or the vehicle saline. The dose of
levodopa was 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 levodopa in the presence of AQ. LID were rated at 75 minutes

post-levodopa (‘peak dose’) and at timepoints indicated in Figure 3A

Pharmacological activation of Nurr1 with ropinirole administration

Ropinirole is a non-ergoline D2/D3 dopamine (DA) agonist used for the treatment of
early, and as adjunct therapy along with levodopa for advanced PD (46, 47). In early
PD, monotherapy with ropinirole has significantly less dyskinesia liability than levodopa
in PD patients (46-49) and parkinsonian rodents (50-52). Additional rationale for

examining the interaction of ropinirole with Nurr1 agonist neuroprotective therapy is that
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neuroprotective drugs would most likely be administered to individuals with PD early in

the disease, a time when monotherapy with DA agonists like ropinirole is most common.

To determine whether AQ pre-treatment exacerbated dyskinesia induction following
chronic ropinirole administration, as above, parkinsonian rats received once-daily AQ or
the vehicle saline for 1 week beginning 3-4 weeks after 6-OHDA. To determine whether
AQ pre-treatment exacerbated ropinirole-induced dyskinesias (RID) induction,
unilaterally parkinsonian rats (as described above) first received a low dose (0.2mg/kg)
of ropinirole for three weeks (M-Fr). The dose was escalated to 0.5mg/kg for an
additional two weeks. Peak RID occurred at 20 minutes post-injection, and was rated at

timepoints indicated in Figure 3D.

In vivo single unit recordings

Animals used for electrophysiology were shipped to Rosalind Franklin University three
weeks following vector delivery and acclimatized for at least 3 weeks prior to recordings.
F344 rats were deeply anesthetized with urethane (1.5 g/kg in physiological saline). In
vivo extracellular single cell recordings of striatonigral projection neurons were
measured in vector treated F344 rats without L-DOPA treatment, or in established
dyskinetic animals. Electrical stimulation and antidromic activation of striatonigral
neurons was performed as previously described (53, 54). For antidromic stimulation, an
electrode was placed in the ipsilateral substantia nigra pars reticulata (SNr) (from
bregma: AP — 5.0mm, ML + 2.5mm, DV — 8.0mm from dura). For striatal recording
ipsilateral to cortical and SNr stimulation, extracellular microelectrodes were lowered
slowly through the dorsolateral striatum (from bregma: AP + 0-0.75mm, ML + 3.3-

3.7mm, DV - 3.0-6.5mm from dura) while electrical stimuli were delivered to the cortex
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to isolate responsive striatal single units. Spikes evoked by stimulating the SNr were
determined to be antidromically activated based on spike collision with orthodromic

spikes occurring consistently over 10 trials (53).

Tissue collection and immunohistochemistry

Animals received a final injection of either L-DOPA or DA agonists two hours prior to
sacrifice. Rats were anesthetized deeply with a lethal dose of sodium pentobarbital, and
intracardially perfused with Tyrode’s solution (137mM sodium chloride, 1.8mM calcium
chloride dihydrate, 0.32mM sodium phosphate monobasic dihydrate, 5.5mM glucose,
11.9mM sodium bicarbonate, 2.7mM potassium chloride) followed by 4%
paraformaldehyde (PFA). Brains were rapidly removed and post-fixed for 72 hours in
4% PFA before being transferred into 30% sucrose. Brains were sectioned on a
freezing sliding microtome at 40pm and stored at -20°C in cryoprotectant (30% ethelyne

glycol, 0.8mM sucrose in 0.5X tris-buffered saline).

Immunohistochemistry (IHC) was performed as previously reported. A 1:6 series of free-
floating tissue was stained for TH (MAB318, MilliporeSigma, Burlington, MA) Nurr1
(AF2156, R&D Systems, Minneapolis, MN) or GFP (AB290, Abcam, Cambridge, United
Kingdom). Briefly, sections were washed in 1x TBS with 0.25% Triton x-100, incubated
in 0.3% H20:2 for 30 minutes, and rinsed and blocked in 10% normal goat or donkey
serum for 2 hours. Tissue was incubated in primary antibody (TH 1:4000, Nurr1
1.5ug/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, Burlingame, CA; biotinylated donkey anti-goat IgG 1:500, AP180B,

Millipore-Sigma, Burlington, MA; biotinylated goat anti-rabbit IgG 1:500, AP132B,
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Millipore-Sigma, Burlington, MA) followed by the Vectastain ABC kit (Vector
Laboratories, Burlingame, CA). Tissue staining was developed with 0.5 mg/ml 3,3’
diaminobenzidine (DAB, Sigma-Aldrich, St. Louis, MO) and 0.03% H20:2. Sections were
mounted on slides, dehydrated, and coverslipped with Cytoseal (ThermoFisher,

Waltham, MA).

IHC for Nurr1 in human striatal tissue

We examined striatal brain sections from older adults diagnosed with PD or DLB as
control. Patient diagnosis was performed by movement disorders specialists at the
Rush University Movement Disorders Clinic. All subjects signed an informed consent for
clinical evaluation. Postmortem consent was provided 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
minutes. Sections were incubated 0.3% H20:2 for 45 minutes, rinsed, mounted on slides,
and allowed to dry overnight. Antigen retrieval was performed using Antigen Unmasking
Solution (Vector Laboratories) at 80°C for 30 minutes, and then removed from heat and
allowed to cool in solution for 30 minutes. Following washing, slides were incubated in
10% NDS serum for 4 hours. Slides were incubated in Nurr1 antibody (1.5ug/ml)
overnight. Slides were then washed, incubated in secondary antibody (donkey anti goat
1:500) for 4 hours, followed by incubation in ABC for 1 hour. Nurr1 protein was
visualized using Vector SG Peroxidase Substrate Kit (Vector Laboratories). Slides were

then coverslipped with Cytoseal (ThermoFisher).
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In situ hybridization

In situ hybridization with IHC was performed using the RNAscope® 2.5 HD Duplex
Assay according to the manufacturers’ protocol (Advanced Cell Diagnostics, Newark,
CA). 40um striatal sections were treated with the hydrogen peroxide solution for at least
10 minutes, or until active bubbling from the tissue subsided. Sections were washed in
1x TBS, mounted onto slides, and allowed to dry for at least 48 hours. Slides were then
boiled for 10 minutes 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) (55) for 2 hours 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 amplification, the probe was visualized using the Detect Red Signal

solution for 10 minutes.

Immediately following in situ hybridization, the tissue was stained
immunohistochemically for Nurr1. IHC was performed as described above, and Nurr1
protein was visualized using Vector SG Peroxidase kit (Vector Laboratories,

Burlingame, CA).

Golgi-Cox impregnation and spine analysis

SD rats for spine analysis were perfused as described above with Tyrode’s solution
followed by 4% PFA. Brains were removed and hemisected. The caudal portion of the
brain was then post-fixed in 4% PFA and used for lesion evaluation. The rostral portion

was post-fixed for 1 hour and then transferred to 0.2M phosphate buffer until further
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processing. The rostral section was sectioned on a vibratome at 100um. Sections were
then processed for Golgi-Cox impregnation as described previously (56). Briefly,
sections were sandwiched gently between two glass slides and placed into the Golgi-
Cox solution (1% mercury chloride, 1% potassium chromate, 1% potassium dichromate)
in the dark for 14 days. Sections were transferred into a 1% potassium dichromate
solution for 24 hours. 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, Williston, VT) as has been previously described (22). 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 neuron was traced and the spines quantified and typified. Each
spine was typified into one of four classes: thin, mushroom, stubby and branched (26).
Ten individual dendrites per hemisphere per animal were quantified. Spine quantity and
phenotype were evaluated based on total dendrite length, or proximal (dendrite branch

orders 1-2) or distal (branch orders 3-n) dendritic regions.

Stereology

Unbiased stereology was used to determine lesion status via TH loss as previously
described (57). Using Stereo Investigator software with the optical fractionator probe
(MicroBrightfield Bioscience, Williston, VT), TH-positive neurons in every sixth section of

the whole SNc were counted on the intact and lesioned hemisphere, giving an estimate
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of total TH-positive cells in the SNc. The coefficient of error for each estimate was

calculated and was less than 0.1 (Gundersen, m = 1).
Statistical analysis

Statistical analysis was performed using Statview (version 5.0) or GraphPad Prism
version 7.0 (GraphPad Software, La Jolla, CA). All graphs were created in GraphPad.
Lesion status was evaluated using unpaired, one-tailed t-tests. Mean AlMs 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
Nurr1 agonist studies, the means and median values at the peak dose LID or RID from
each rating day for a given dose of either levodopa or ropinirole were combined for the
experimental (AQ+DA agonist) and control (saline+DA agonist) groups to determine of
how each group performed as a whole at each dose of DA agonist. Both group means
and median values of the peak dose LID or RID were compared for each grouped data
set using the non-parametric Mann-Whitney U test. Differences in spine quantity and
morphology were evaluated using unpaired t-tests. Differences between vector groups
at each recording site and outcomes from animals were compared across experimental
groups using a two-way repeated measures ANOVA (GFP vs. Nurr1) x 2 (vehicle vs.
drug treatment) with an a set to 0.05 and all “n’s” adequately powered for
electrophysiological studies was performed for all experiments. using GraphPad Prism
version 7.0 (GraphPad Software, La Jolla, CA), The potential two-way interaction effects

were also examined to determine how treatment effects differ as a function of drug

treatment or gene therapy (58).

Results
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rAAYV transduction of Nurr1 does not exacerbate AIMs in LID-susceptible but does in

LID-resistant rats

We first aimed to determine if ectopic Nurr1 expression can exacerbate LID in LID
susceptible and resistant rats. All Fischer-344 (F344) and Lewis rats included in the final
analysis were lesioned with 294% TH loss (Figure 1B-D), validated post-mortem with
stereological quantification of TH immunoreactivity in the SNc. Vector transduction and
expression was confirmed with post-mortem IHC in either rAAV-Nurr1 (F344 n=7, Lewis
n=5) or rAAV- GFP (F344 n=7, Lewis n=5) transduced rats (Figure 1E-H). Vector-
mediated expression results in robust Nurr1 expression in both F344 and Lewis rats.
Notably, vector transduction resulted in markedly higher Nurr1 expression than what
seen in rAAV-naive, LID+ F344 animals, where Nurr1 is ectopically upregulated in
response to dyskinesiogenic L-DOPA (Supplemental Figure 1A,C). rAAV-naive Lewis
animals, however, express much lower level AIMs than rAAV-naive F344 rats, and also

do not ectopically express Nurr1 in the striatum (Supplemental Figure 1B).

AlMs testing began three weeks following virus delivery to ensure maximal transgene
expression prior to animals being placed on a L-DOPA treatment paradigm (see Figure
1A for experimental timeline). To evaluate AIMS, animals were first challenged with
vehicle (Omg/kg L-DOPA, 12mg/kg benserazide) to determine if Nurr1 overexpression
would cause drug-independent AlMs. No vector group showed AlMs following vehicle
administration (Supplemental Figure 2). When treated with L-DOPA, F344 treated with
rAAV-Nurr1 or GFP rats showed no significant differences in total AIM scores at any
rating timepoint (Figure 2A-D) (total AIM sum: D1 2mg/kg rAAV-Nurr1 (Median

[Md]=0.5) rAAV-GFP (Md=1), U=17, p>0.05; D3 4mg/kg rAAV-Nurr1 (Md=8) rAAV-GFP
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(Md=6.5), U=10, p>0.05; D5 6mg/kg rAAV-Nurr1 (Md=39.5) rAAV-GFP (Md=29), U=14,
p>0.05; D8 8mg/kg rAAV-Nurr1 (Md=55) rAAV-GFP (Md=42), U=12, p>0.05; D10
8mg/kg rAAV-Nurr1 (Md=61.5) rAAV-GFP (Md=52.5), U=11, p>0.05; D12 8mg/kg rAAV-
Nurr1 (Md=57.5) rAAV-GFP (Md=48), U=14, p>0.05; D15 8mg/kg rAAV-Nurr1 (Md=55)
rAAV-GFP (Md=63), U=15, p>0.05; D17 8mg/kg rAAV-Nurr1 (Md=62.5) rAAV-GFP
(Md=54), U=13, p>0.05). Additionally, Nurr1 overexpression did not differentially impact
individual attributes of LID (Supplemental Figure 3). These data suggest that additional
induction of striatal Nurr1 above an apparent threshold does not exacerbate AlMs of

LID-prone F344 rats.

In contrast, the normally LID-resistant Lewis rat treated with rAAV-Nurr1 developed
severe LID when treated chronically with L-DOPA, whereas rAAV-GFP control rats
expressed low-level AlMs (Figure 2E-H). This was first observed at the 6mg/kg
treatment, in both total AIM score sum and peak-dose LID (total AIM sum 6mg/kg rAAV-
Nurr1 (Md=34) rAAV-GFP (Md=3), U=3, p<0.05; peak-dose AIM 6mg/kg rAAV-Nurr1
(Md=13.5) rAAV-GFP (Md=4), U=0, p<0.01). rAAV-Nurr1 treated Lewis rats also
displayed more severe AlMs than their rAAV-GFP counterparts on days 8, 10, and 19
with 8mg/kg L-DOPA (peak dose AlMs: day 8 rAAV-Nurr1 (Md=16) rAAV-GFP (Md=3),
U=2, p<0.05; day 10 rAAV-Nurr1 (Md=16) rAAV-GFP (Md=6), U=0, p<0.01; day 17
rAAV-Nurr1 (Md=13.5) rAAV-GFP (Md=4), U=0, p<0.01; day 19 rAAV-Nurr1 (Md=16)
rAAV-GFP (Md=3), U=2, p<0.05). Additionally, rAAV-Nurr1 Lewis AIM scores were
indistinguishable from both rAAV-GFP and rAAV-Nurr1 F344 rats (Figure 2I-J).
Together, this data shows that the expression of Nurr1 is sufficient to overcome

resistance to severe LID seen in Lewis animals.
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The induction of severe AlMs with ectopic Nurr1 expression in an otherwise LID

resistant strain shows that Nurr1 is directly involved in LID development.

Nurr1 agonist therapy exacerbates LID

Based on the evidence that ectopic striatalNurr1 expression can act as a molecular
trigger for LID induction in otherwise resistant Lewis rats, we next sought to determine if
pharmacological activation of Nurri—which is being investigated as a neuroprotective
therapy for PD—would also exacerbate LID (17). Unilaterally parkinsonian SD animals
were pretreated for 1 week with a neuroprotective dose of the Nurr1 agonist AQ
(20mg/kg (16)) followed by L-DOPA+AQ combined administration (Figure 3A). AQ
pretreatment, followed by daily administration of L-DOPA+AQ showed evidence of
exacerbating LID severity, with a trend at low (3mg/kg levodopa; median severity
LD+Sal: 1.1 + 0.33, LD+AQ: 2.5 + 0.36; P=0.05) and high doses (12mg/kg; median
severity LD+Sal: 16.9 + 1.44, LD+AQ: 21.4 + 0.99; P=0.100) but reaching statistical
significance at the moderate dose tested (6mg/kg; median severity LD+Sal: 13.1 + 0.94,
LD+AQ: 19.4 + 0.79; P=0.004) (Figure 3B). Similar results were seen for the mean

values of peak dose LID severity (Figure 3C).

Nurr1 agonist therapy exacerbates low-dose RID

We next examined the impact of AQ on AIMs in unilaterally parkinsonian SD rats
pretreated with AQ (20mg/kg) followed by chronic AQ plus ropinirole, a drug with less
dyskinetic liability (Figure 3D). Pretreatment, followed by daily administration of the
same neuroprotective dose of the Nurr1 agonist AQ exacerbated RID severity at the low

ropinirole dose evaluated (0.2mg/kg; median severity LD+Sal: 2.8 + 0.80, LD+AQ: 5.9 +

19


https://doi.org/10.1101/768374
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/768374; this version posted September 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

1.6; P=0.039) with only a trend of exacerbation at a higher ropinirole dose during
chronic treatment (0.5 mg/kg; median severity L-DOPA+Sal: 6.4 + 0.08, L-DOPA+AQ:
8.0 + 0.5; P=0.05). In contrast to median RID data, which is less affected by outliers,
there were no significant difference in mean RID values except at the final rating on day

of sacrifice (Figure 3H; P=0.018).

Nurr1 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 Nurr1. Previous reports have found L-DOPA-induced Nurr1 expression
in both direct and indirect pathway MSN (dMSN and iMSN, respectively). To examine
this, we induced AlMs in parkinsonian F344 rats with the selective D1/D5 agonist SKF-
81297 or D/D32 agonist quinpirole; saline injection as a control. Rats were treated for
one week with either drug and euthanized 2 hours following the final dosing. Moderate
and severe AlMs developed in animals treated with SKF-81297 (Figure 4). Quinpirole-
treated rats expressed significantly less severe AlMs. No saline-treated animals
developed AlMs. Statistical analysis showed that drug-induced AlMs were significantly
different between treatment groups (peak-dose AlMs: Kruskal-Wallis statistic=6.78,
p<0.05). IHC revealed abundant Nurr1 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 Nurr1 and AlMs behavior, supporting the view that selective
indirect pathway activation does not induce maladaptive striatal Nurr1 expression, but

that direct pathway activation is required for this event.
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To determine if selective direct pathway activation leads to Nurr1 expression only in D1
MSN, we performed dual label in situ hybridization with IHC to localize Nurr1 protein
with mRNA of direct and indirect pathway markers (dopamine receptor 1 (D1 and
enkephalin (Enk), respectively) (55). We observed cellular colocalization of Nurr1
protein and both markers of striatal projection neurons (D1 and Enk) in SKF-81297 AlM-
expressing animals (Figure 4F-G). These findings suggest that Nurr1 expression in the
indirect pathway is dependent on direct pathway activation. We also examined this in
rats treated with quinpirole and saline, but no colocalization was observed, as no Nurr1

protein was expressed in these animals (Supplemental Figure 4).

rAAV-induced Nurr1 expression in the absence of L-DOPA induces LID-like

pathophysiological corticostriatal signaling and dendritic spine changes

Animals for electrophysiology and spine analysis studies were rendered parkinsonian
with 6-OHDA injections as described previously (59, 60). Animals included in these
analyses showed ~75-80% cell loss in the injected hemisphere and there was no
difference in lesion severity between vector groups (Figure 5A-C) (rAAV-Nurr1 % TH
neurons remaining=21.48+3.12; rAAV-GFP % TH neurons remaining=27.87+5.26;
t13)=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 IHC, and
all animals included in the analysis showed robust transgene expression in the striatum
(Figure 5D-E). These animals were used for in vivo electrophysiology (rAAV-Nurr1

n=15, rAAV-GFP n=9) or spine analysis (rAAV-Nurr1 n=4, rAAV-GFP n=3).

To understand how ectopic Nurr1 expression can impact MSN activity and signaling, we

performed in vivo extracellular single until recordings of unidentified MSN in L-DOPA
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naive parkinsonian rats injected with rAAV-Nurr1 or rAAV-GFP. After a cell was
isolated, cortically-evoked responses to a range of stimulation intensities (1000uA,
800uA, 600uA, and 400uA) were recorded. We compared the spike probability and
onset latency of cortically-evoked spikes in both groups before and after delivering
acute low dose (5mg/kg) L-DOPA (Figure 5-G). There was no difference in either spike
probability or latency between rAAV-GFP and rAAV-Nurr1 rats. However, compared to
rAAV-GFP animals, rAAV-Nurr1 rats exhibited decreased spike probability with a
stimulation intensity of 400pA following L-DOPA delivery (Figure 8F). We were able to
positively identify a small number of D1 MSN. In this population, rAAV-Nurr1 cortically
evoked spike response mimicked the spike profile of rAAV-naive dyskinetic rats

(Supplemental Figure 5).

We next compared vector treated rats with vector naive animals treated chronically with
L-DOPA, and therefore LID+. Spike probability was increased, and spike onset latency
was decreased in LID+ animals, indicating an increase in corticostriatal drive. Both
spike probability and latency in the rAAV-GFP and rAAV-Nur1 animals were significantly
different than the firing patterns of the LID+ animals, and more resembled vector naive,
L-DOPA naive rats (Figure 5H-I). This suggests that pathophysiological alterations to
corticostriatal circuits affecting striatal projection neuron activity are dependent on LID

presence, and not Nurr1 expression alone.

Finally, we measured the current threshold of identified striatonigral MSN (dMSN) in
vector naive, LID+ rats and compared them to similar measures from non-dyskinetic
rats treated with rAAV-Nurr1. We found that in the striatum of rAAV-Nurr1 rats there

was a significantly reduced current threshold required to elicit antidromic spike activity in
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dMSN as compared to animals with established dyskinesias (rAAV-Nurr1 L-DOPA
naive, 242pA + 36.9; rAAV-naive LID+, 608.9pA + 72.9; p=0.0039; Figure 5J). This
indicates that dMSN ectopically expressing Nurr1 are significantly more excitable than
those in a LID+ rat, suggesting Nurr1 may be priming the abnormal signaling activity

that occurs with chronic L-DOPA therapy associated with LID.

MSN spine density and morphology changes are induced by Nurr1 expression

Dramatic changes in spine density and morphology in LID models has been previously
demonstrated (22, 61). As Nurr1 is involved in learning and memory-associated
plasticity classically associated with spine changes (32, 34), we sought to determine if
Nurr1 expression could affect MSN spines without exposure 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 Nurr1 on DA-depleted MSN independent of
drug treatment. Spine analysis revealed there was a significant decrease in total spine
density in rAAV-Nurr1 treated animals (rAAV-Nurr1 total spines/10um=4.85+0.10, rAAV-
GFP total spines/10um=5.98+0.31; t(5=3.68, p<0.05) (Figure 6A). This difference was
not specific to either the proximal or distal portions of the dendrite (rAAV-Nurr1 proximal
spines/10um=3.54+0.31, distal spines/10um=5.5810.41; rAAV-GFP proximal
spines/10um=4.24+1.45, distal spines/10um=6.8910.74). These data clearly indicate
that Nurr1 dose impact dendritic spine dynamics, even in the absence 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 synaptic strength and spine

dynamics (26), between rAAV-Nurr1 and rAAV-GFP animals. We found that ectopic
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Nurr1 expression lead to a change in two specific spine phenotypes. rAAV-Nurr1
animals displayed significantly fewer thin spines than controls (rAAV-Nurr1 thin
spines/10um=3.38+0.09, rAAV-GFP thin spines/10um=4.48+0.43; t5=2.98, p<0.05).
We also observed fewer branched (also known as cupped or bifurcated) spines in
rAAV-Nurr1 (branched spines/10um=0.15+£0.01) than in rAAV-GFP animals (branched
spines/10um=0.23+0.02; t5)=3.35, p<0.05) (Figure 6B). No difference between groups
was observed with stubby or mushroom spines. Cumulatively, these data implicate
Nurr1, independent of L-DOPA, as a molecular regulator of the maladaptive spine

plasticity that has been shown in animal models of LID.

Nurr1 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. To
assess this, we used IHC to determine if Nurr1 expression is present in the striatum of
dyskinetic PD patients who had been treated with L-DOPA. In multiple cases (all
confirmed dyskinetic), we observed distinct nuclear Nurr1 staining in the putamen of PD
patients (Figure 7A). This signal was not observed in an age-matched controls with
dementia with Lewy bodies (DLB) that never received L-DOPA (Figure 7B). This

observation is the first direct connection of Nurr1 to LID in PD patients.
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Discussion

While previous studies have demonstrated that ectopic induction of striatal Nurr1 is
associated with LID (5, 9), the current study demonstrates that not only is striatal Nurr1
expression capable of inducing LID behavior in genetically resistant subjects, but also
provides the first evidence of a genetic modifier of LID directly inducing morphological
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 ramification.

Genotype-to-Phenotype Impact of Ectopic Striatal Nurr1

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
psychostimulant addiction liability (62-65), a behavioral phenomenon with many
similarities to LID in that both are considered to result from aberrant associative or
motor learning and rewiring of basal ganglia neural circuits following DA-related priming.
We recently demonstrated (Steece-Collier et al., manuscript submitted) that these rat
strains also show dramatically different LID liability, with Lewis rats showing distinct
resistance to LID expression in contrast to robust development in F344 rats. Using this
novel model, we report here that ectopic induction of striatal Nurr1 in LID-resistant
Lewis rats can induce LID severity to the same high level as seen in LID-prone F344
rats, suggesting that striatal Nurr1 expression is a key factor in: 1) LID development,

and 2) the differential susceptibility between these two inbred rat strains. Further, these
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data suggest that Nurr1 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 differences between the strains that may explain their differential
upregulation of Nurr1 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 Nurr1 being capable 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 phenotypic morphological and
electrophysiological changes independent of L-DOPA. Specifically, we found that
ectopic Nurr1 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.
While a decrease in total spine number may appear contrary to previous reports
showing an overall restoration in the striatal spine density in dyskinetic animals, at least
two studies have reported that despite restoration of spines with LID, the total density
remained below control levels (22, 23). Further, spine density on dMSN neurons has
been observed to show a specific decrease in dyskinetic mice, additive to that
associated with DA depletion (23). An additional study demonstrated a significant
decrease in average spine density in LID expressing rats in both dMSN and iMSN (24).
While we were unable to differentiate spine changes on specific populations of MSN,
the current findings are in keeping with these previous reports and implicate Nurr1 as a

molecular factor involved in promoting these phenotypic maladaptive changes.

While the mechanism of this effect remains to be determined, Nurr1 is known to

heterodimerize with another NR4A transcription factor, Nur77 (66). Nur77 is
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endogenously expressed in the adult striatum, and is increased by L-DOPA treatment in
denervated animals, primarily in dMSN (67, 68). Similar to our findings, viral
overexpression of Nur77 in the striatum can exacerbate AlMs in rats (69) and also
induce spine loss in hippocampal neurons, supporting an important role the NR4A

family of transcription factors in affecting synaptic plasticity (70).

In keeping with ectopic Nurr1 directly affecting striatal synaptic plasticity we show here
that Nurr1 expression alone, independent of dyskinesiogenic L-DOPA, can induce an
LID-like alteration in dMSN firing patterns in response to acute, non- dyskinesiogenic,
low-dose L-DOPA given at the time of recording. Specifically, these studies provide
unique insight that Nurr1 is capable of inducing hyper-cortical drive. Indeed, in a small
subset of identified dMSN, we saw an identical increase, as compared to rAAV-GFP
treated subjects, in spike probability in rAAV-Nurr1 as in the LID+ rats treated
chronically with L-DOPA suggesting that Nurr1 induces LFP-like signaling in D1

neurons, regardless of chronic L-DOPA administration and LID expression.

Direct pathway activation is required for Nurr1 induction

While there is doubtless interaction of the direct and indirect pathways in LID pathology,
Nurr1 had previously been reported to be expressed primarily in MSN of the direct
pathway in association with LID (5). Our pharmacological studies employing the
selective D1/D5 agonist SKF-81297 or D2/D3 agonist quinpirole support that while AlMs
are observed under conditions of either preferential direct or indirect pathway activation,
AlMs are more severe with a selective D1 receptor agonist and Nurr1 induction in
striatal MSN occurred only in parkinsonian rats treated with the DA D1 receptor agonist.

Interestingly, despite preferential activation of D1 receptor MSN, we observed Nurr1
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induction in both the direct and indirect pathway MSN. It is uncertain why Nurr1
transcript was not induced following treatment with the selective D2 receptor agonist. It
is possible that there are D2-dependent, Nurr1-independent, pathways which can lead
to LID development, suggesting that the mechanism for the low-severity LID
development in the Lewis strain is a distinct phenotype from the canonical parkinsonian
LID. However, while 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-81297 or L-DOPA.

These findings indicate that Nurr1 induction in the striatum is dependent on stimulation
of striatonigral dMSN, and that D1 receptor activation is sufficient to induce Nurr1
expression in not only direct, but also indirect pathway MSN. These data align with
studies of other immediate early genes in LID, such as Homer-1a and FosB, which
show that D1 priming is required for expression in D2 neurons (71-73). Based on the
finding that F344 rats treated with the D2 selective agonist quinpirole and Lewis rats
treated with L-DOPA develop only mild-to-moderate AIMs, which were not associated
with striatal Nurr1 induction, it is reasonable to suggests that Nurr1 may act as a ‘master
regulator’ in the striatum and when expressed/activated can induce changes in
corticostriatal transmission, striatal output, and motor behavior that lead to more severe

dyskinesia.

Clinical Indications for Nurr1 in PD: Nurr1 Agonists and LID

Nurr1 has received a great deal of attention in the past several of years for its essential
role in the survival of nigral DA neurons (11-13), and its potential to slow death of these

neurons in PD (16-18, 74-76). However, while Nurr1 agonist therapy directed at nigral
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neurons may offer a promising new avenue of neuroprotective therapy, the evidence
presented here and in other reports (5, 9) suggests that induction of extranigral Nurr1,
specifically within the striatum, is a critical trigger for the induction of LID. We
hypothesized that if systemic administration of drugs that activate Nurr1 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
employed the FDA approved antimalarial drug amodiaquine (AQ) that has been
demonstrated in human neuroblastoma cells expressing Nurr1 to facilitate the
transactivation of Nurr1 thru direct binding to the Nurr1 ligand binding domain. AQ
provide neuroprotection against 6-OHDA-induced nigral DA neuron loss in an in vivo rat
model (16). 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 (refs) significantly exacerbates expression of AIMs in parkinsonian
rats. These data suggest that systemic administration of Nurr1 activating drugs with DA

agonist therapy may be contraindicated in PD.

Clinical Indications for Nurr1 in PD: Suppressing Activation of a Repressed Gene

A second clinical facet of Nurr1 activation that holds promise for therapeutic
development is related to its apparent repressed status in the normal adult striatum and
its ectopic induction in the dyskinetic striatum. Specifically, while other NR4A
transcription factors are expressed endogenously in the striatum, in the non-dyskinetic
striatum Nurr1 is undetectable (6, 9, 77). This unique gene profile could provide a
powerful therapeutic advantage since targeted inhibition of striatal Nurr1 would be

anticipated to result in no adverse physiological events since its expression within the
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striatum is aberrant. This would contrast targeted inhibition of other striatal LID-
associated genes (e.g.: FosB) that are known to be integral and necessary for normal

neuronal function.

Conclusions

Data presented here demonstrate that Nurr1 is not only a marker of LID in preclinical
models and in dyskinetic human PD patients, but is directly involved in LID
development, expression, and severity. We further demonstrate that Nurr1 is capable of
effecting corticostriatal transmission and striatal projection neuron activity, as well as
neuronal spine morphology in a way that mimics and could promote LID. This
characterization of Nurr1 highlights its important and potentially, causative role in LID,
suggesting that Nurr1 agonists-based therapies for neuroprotection in PD may be
contraindicated but that targeted silencing may be uniquely poised to provide a safe and

effective anti-dyskinetic treatment option.
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Figure 1. Experimental design and model validation

(A) Experimental timeline showing timing of surgeries and LID induction. AIM scores
were evaluated as indicated by arrows. (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 (C).
Stereology confirmed that all animals had greater than 94% TH cell loss in the SNc (D).
(E-H) Nurr1 (E and F) and GFP (G and H) vector-mediated expression were confirmed
in the striatum with IHC. B, C, E, H scale bar=1mm. F, H scale bar=100um.
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Figure 2. rAAV-mediated striatal overexpression of Nurr1 induces severe AlMs 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
AlMs similarly over the treatment regimen. (B) Peak-dose LID severity (75 minutes post
injection) over each rating period. No differences in peak-dose severity between vector
groups was observed in F344 rats. (C-D) Animals were treated with 8mg/kg L-DOPA on
days 10-17. Both groups showed similar AIM expression over time (left panels) and
peak-dose AlMs (right panels). (E) Total AIM score sum showed exacerbated AlMs 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
AlMs than rAAV-GFP animals at 6 and 8mg/kg doses. (C-D) Individual rating periods on
days 10-17 with 8mg/kg treatment. rAAV-Nurr1 animals developed AlIMs more severe
than rAAV-GFP animals at multiple timepoints during the observation period. (I, J) Day
10 (1) and 17 (J) AIM rating time course comparing rAAV treated LID-resistant Lewis
rats to LID-susceptible F344 rats. rAAV-Nurr1 Lewis animals showed indistinguishable
AlMs time course and peak-dose severity compared to 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<.01, ***=p<.001)
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Figure 3. Functional consequences of chronic Nurr1 agonist therapy on the
expression of LID and RID in parkinsonian rats

(A, D) Timeline depicting treatment regimen with AQ and L-DOPA (A) or ropinirole (D) in
parkinsonian rats. (B-C) Median (B) and mean (C) AIM scores in parkinsonian SD rats
trended higher in animals treated with L-DOPA and AQ compared to L-DOPA + saline
at low (3mg/kg) and high (12mg/kg) doses of L-DOPA, and were significantly higher at
the moderate 6mg/kg dose. (E-F) Median (E) and mean (F) AIM scores in parkinsonian
SD rats were significantly higher in rats treated with ropinirole + low-dose AQ compared
to ropinirole + saline. LID severity trended higher in animals treated with ropinirole +
high-dose AQ compared to ropinirole + saline (G-H) There were no significant
differences in AIM scores on the day of sacrifice in animals treated with AQ and L-
DOPA (G) or ropinirole (H).

37


https://doi.org/10.1101/768374
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/768374; this version posted September 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

A AIM scores with DA agonists

151

-
o
1

AIM score
bt

@ Saline

Peak-dose AIM severity

*

. I—l 4 Quinpirole 15 H Saline
- SKF-81297 @ " T m Quinpirole
O 10 SKF-81297
e 3 V/ ’
*%* E
= N
< /
B ST S R S 0. //
Minutes post L-DOPA 75 minutes post injection
SKF-81297 Quinpirole Saline
D1-induced LID+ D2-induced LID+ LID-
C D E
. - - T
F ' D1/Nurrt |G, , «Enk/Nurr1
. - -
+ i | o -
. <74 -
, e ST 3 2 ' »
¢ L . v." . ' a . ‘4
" v e " ;o
- ' % 4 ‘ ' &
f.f’ \ ‘o ‘ .
o » N /
a ... : . ‘ LN 1 . ’
- 4 » L LR T e i
— il |

38


https://doi.org/10.1101/768374
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/768374; this version posted September 28, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

Figure 4. 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 AlMs, while D2 agonist
treated animals expressed moderate AlIMs. No AIMs were observed in saline treated
animals. (B) Peak-dose AIM severity from the final drug treatment (*=p<0.01, **=p<.05).
(C-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 (C). 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=100um. (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 transcript and Nurr1
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
striatum 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=100um.
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Figure 5. Cortically-evoked response of striatonigral MSN to antidromic
stimulation

(A-C) Lesion status was confirmed with IHC for TH. TH immunoreactivity was
dramatically reduced in the interjected hemisphere of the striatum (A) and substantia
nigra (B). Stereological estimates of remaining TH-positive neurons show significant cell
loss in both vector groups (C). (D-E) Transgene expression from viral vector delivery
was confirmed in the striatum with IHC for Nurr1 (D) or GFP (E). A and B scale
bar=1mm. D and E scale bar=1um. (F-J) Comparisons between cortically-evoked spike
characteristics of antidromically-activated striatonigral projection neurons recorded from
DA-depleted parkinsonian, vector naive rats treated with saline or chronic L-DOPA, and
vector-treated (rAAV-GFP or rAAV-Nurr1) animals not chronically treated with L-DOPA.
(F) Spike probability pre- and post-L-DOPA delivery in GFP and Nurr1 injected rats.
GFP rats showed a higher spike probability after L-DOPA delivery at 400uA stimulation.
(G) No differences in spike latency before and after L-DOPA injection were observed in
either vector group. (H) Established LID+ rats (Chronic L-DOPA, vector naive) showed
higher spike probability than GFP injected, Nurr1 injected, and rAAV-naive saline
treated controls. (I) LID+ rats were showed significantly lower spike latency than both
vector-treated groups and saline control (*=p<0.05, **=p<.01). (J) The current threshold
of rAAV-Nurr1 rats (242pA £ 36.9) was significantly lower than that of vector naive,
LID+ rats (608.9pA £ 72.9, p=0.0039).
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Figure 6. Nurr1-induced alterations in dendritic spine density and morphology

(A) Dendritic spine density of MSN 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/10um=4.85+0.10, rAAV-GFP total spines/10um=5.98+0.31;
t(5=3.68, *=p<0.05 (B) rAAV-Nurr1 expression induced a decrease in both thin and
branched type spines compared to rAAV-GFP controls. rAAV-Nurr1 thin
spines/10um=3.38+0.09, rAAV-GFP thin spines/10um=4.48+0.43; t5=2.98, *=p<0.05.
(C) Representative image of dendritic spines on Golgi-Cox stained MSN. Scale
bar=50um.
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Figure 7. Nurr1 is expressed in the striatum of L-DOPA treated PD patients

IHC for Nurr1 in the putamen of post-mortem patient samples of two Parkinson’s
disease patients (A-B) and an age-matched patient with dementia with Lewy body
(DLB) (L-DOPA naive) (C). White arrows indicate nuclear staining for Nurr1 in the
putamen of both PD patients. Scale bar=50um.
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Supplemental Figure 1. Abnormal Nurr1 upregulation in dyskinetic rats

(A) Nurr1 IHC in the lesioned striatum of a LID+ F344 rat. Abnormal Nurr1 expression
can be seen throughout the lesioned striatum. (B) Nurr1 IHC in the lesioned striatum of
an LID+ Lewis rat. No Nurr1 expression is seen in these animals. Scale bar=100um.
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Supplemental Figure 2. 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
vehicle (Omg/kg L-DOPA, 12mg/kg benserazide) showing that Nurr1 overexpression
does not promote AlMs without drug treatment.
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Supplemental Figure 3. Nurr1 does not impact individual AOLs in LID-susceptible rats

(A) Axial AIMs—comprised of trunk and neck dystonia—are not different between rAAV-Nurr1 and rAAV-GFP F344 rats.
(B) Orolingual AIMs—comprised of chewing and tongue protrusions—are not different between vector groups. (C)
Forelimb AIMs—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 minutes post injection(*=p<0.05). Rating

period shown at day 17 with 8mg/kg L-DOPA dosing.
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Supplemental Figure 4. 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
Nurr1 induction in saline treated rats.
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Supplemental Figure 5. Cortically-evoked response of striatonigral MSN to
antidromic stimulation

Comparisons between cortically-evoked spike characteristics of antidromically-activated
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) Traces of typical cortically-evoked responses from
isolated striatonigral projection neurons. Ten consecutive overlaid responses are
shown. (B-D) graphs compare the spike probability (B), average number of total spikes
evoked during a stimulus trial at each current intensity tested (C), and onset latency of
evoked spikes (D) during cortical stimulation. Stimulus intensity-dependent effects on
cortically-evoked spike probability of striatonigral projection neurons were observed in
both LID+ and Nurr-1 overexpressing rats as compared to vehicle treated DA-depleted
GFP-expressing controls (* p< 0.001). Post-hoc comparisons revealed a significant
increase in the probability and number of evoked responses to cortical stimulation at the
400-600 pA current intensities in both LID+ and Nurr-1 overexpressing rats as
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compared to 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.
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