
1

MODULATION OF OPIOID AND NMDA RECEPTORS IN PRECLINICAL MODELS OF

PARKINSON’S DISEASE AND LEVODOPA-INDUCED DYSKINESIA

by

Andrew J. Flores

__________________________

Copyright © Andrew J. Flores 2020

A Dissertation Submitted to the Faculty of the

GRADUATE INTERDISCIPLINARY PROGRAM IN PHYSIOLOGICAL SCIENCES

In Partial Fulfillment of the Requirements

For the Degree of

DOCTOR OF PHILOSOPHY

In the Graduate College

                    

THE UNIVERSITY OF ARIZONA

2020

Andrew Offline Accou
Rectangle



2



3

ACKNOWLEDGMENTS

I would like to thank the following people for helping me to complete my PhD:

First, I would like to thank my advisor, Dr. Torsten Falk, for serving as an excellent mentor, 

research advisor, and friend.  Thank you for all that you have taught me about science and about life, 

and for believing in me.  I am looking forward to accomplishing great things in the future, I will always

remember the lessons you have taught me as I move forward with my career.

I also thank the members of my dissertation committee for their support, guidance, and 

invaluable insight on my research projects.  Specifically, I thank my co-mentor Dr. Scott Sherman for 

providing expertise on clinical aspects of Parkinson’s disease and drugs used to treat the disease.  On 

several occasions, I had the chance to shadow Dr. Sherman and help in treating actual PD patients in 

his movement disorders clinic; this experience is something that has motivated me and reminded me of 

the importance of this research.  I thank Dr. Frank Porreca for contributing his expertise in the area 

neuropharmacology and for use of surgical facilities/equiptment and laboratory resources.  I thank Dr. 

Michael Heien and members of his lab including Blake Seaton, James Siegenthaler, and Kate 

Parent for their expertise related to analytical techniques (FSCAV and HPLC-EC).  I would also like to

thank Dr. Andrew Fuglevand for his guidance and support and for encouraging me to pursue graduate 

education.  I also thank the graduate program in Physiological Sciences, I am fortunate and proud to 

have had the opportunity to train with the outstanding physiologists in this program.

To Dr. Mitchell Bartlett, who was a fellow graduate student in the Falk/Sherman laboratory, I 

am thankful to have had the opportunity to work with you.  I greatly admire your commitment and 

perseverance.  Thank you for everything you taught me about surgery and behavioral analysis.  We did 

a lot of experiments together over the years and spent many hours working together; I’m glad I was 



4

able to work with someone as responsible and dedicated as you.  To Xu Yue, thank you also for 

teaching me surgery and behavioral analysis.  I thank Dr. Lisa So for all her help with behavioral 

analysis.  I want to thank members of the Porreca lab, especically Dr. Jennifer Xie, for their help over

the years.  Finally, I am thankful to have had the opportunity to work with a number of amazing and 

talented undergraduate and high school students over the years.  Thank you for all you did to help me. 

Finally, I was fortunate enough to have received funding through various sources during my 

time in this PhD program.  Specifically I want to thank Holly Lopez and Dr. Frans Tax of the NIH 

IMSD program and also the ARCS Foundation.  Other funding sources are listed in the 

Acknowledgments section of each chapter.



5

DEDICATION

This dissertation is dedicated to my family.  Thank you for believing in me and supporting me.  To my

parents, Karen and Tony, thank you for all you have taught me in life and for all you have done to help

me along the way.  To my brothers, Russell and Isaac, thank you for always being there for me.  To my

fiancée, Monica, thank you for being my emotional support and for reminding me to have fun every

once in a while.  Thank you all, without you, I could not have accomplished this. 



6

Table of Contents
Table of Figures……...………………………………………………………………………………..8

Index of Tables………………………………………………………………………………………...9

Abstract.................................................................................................................................................10

Chapter 1: Introduction to Parkinson’s Disease and Levodopa-Induced Dyskinesia......12
1.1 Introduction.................................................................................................................................12
1.2 Parkinson’s disease etiology.......................................................................................................27
1.3 Levodopa-induced dyskinesia....................................................................................................35
1.4 The 6-hydroxydopamine rodent model of PD...........................................................................42
1.5 The 6-OHDA model of LID........................................................................................................45
1.6 References....................................................................................................................................47

Chapter 2: Differential effects of the NMDA receptor antagonist MK-801 on dopamine 
receptor D1- and D2-induced abnormal involuntary movements in a preclinical model 69

Abstract..............................................................................................................................................70
2.1 Introduction.................................................................................................................................71
2.2 Material and methods.................................................................................................................72
2.3 Results...........................................................................................................................................75
2.4 Discussion.....................................................................................................................................77
2.5 Acknowledgements......................................................................................................................80
2.6 Figures..........................................................................................................................................81
2.7 References....................................................................................................................................86

Chapter 3: The combination of the opioid glycopeptide MMP-2200 and a NMDA receptor
antagonist reduced L-DOPA-induced dyskinesia and MMP-2200 by itself reduced 
dopamine receptor 2-like agonist-induced dyskinesia.............................................................89

Abstract..............................................................................................................................................90
3.1 Introduction.................................................................................................................................91
3.2 Materials and methods................................................................................................................93
3.3 Results.........................................................................................................................................101
3.4 Discussion...................................................................................................................................109
3.5 Acknowledgments......................................................................................................................119
3.6 Figures........................................................................................................................................120
3.7 References..................................................................................................................................130

Chapter 4: The kappa opioid receptor antagonist nor-BNI accelerates development of 
L-DOPA-induced dyskinesia in a preclinical model of mild dopamine depletion............138

Abstract............................................................................................................................................139
4.1 Introduction...............................................................................................................................140
4.2 Methods & materials.................................................................................................................142
4.3 Results.........................................................................................................................................152
4.4 Discussion...................................................................................................................................157
4.5 Acknowledgments......................................................................................................................160



7

4.6 Figures........................................................................................................................................161
4.7 References..................................................................................................................................170

Chapter 5: Discussion and Conclusions....................................................................................175
5.1 Introduction...............................................................................................................................175
5.2 NMDA neurotransmission in PD and LID..............................................................................176
5.3 Opioid neurotransmission in PD and LID..............................................................................177
5.4 Kappa-mediated signaling in PD and LID..............................................................................181
5.5 Conclusions................................................................................................................................183
5.6 References..................................................................................................................................184

Appendix: Curriculum Vitae...........................................................................................................190

Complete References.......................................................................................................................197



8

Table of Figures

Chapter 1
Figure 1. Pathological hallmarks of Parkinson's disease...................................................................15
Figure 2. Schematic diagram of the direct and indirect striatal output pathways of the basal 
ganglia in normal and PD states...........................................................................................................21
Figure 3. Schematic diagram of the direct and indirect striatal output pathways of the basal 
ganglia in states of Parkinson’s disease and L-DOPA-induced dyskinesia.......................................36
Figure 4. Alterations in the expression of opioid peptides and their precursors are observed in PD
and LID...................................................................................................................................................40

Chapter 2
Figure 1. Establishing the L-DOPA-induced AIMs model.................................................................81
Figure 2. Establishing the D1R agonist-induced AIMs model...........................................................82
Figure 3. Establishing the D2R agonist-induced AIMs model...........................................................84

Chapter 3
Figure 1. Verification of 6-OHDA lesion............................................................................................120
Figure 2. MMP-2200 does not interfere with the therapeutic effects of L-DOPA and acts 
antiparkinsonian by itself....................................................................................................................121
Figure 3. The effect of MMP-2200 on L-DOPA-induced AIMs.......................................................122
Figure 4. The effects of MMP-2200 on L-DOPA-induced LAO and locomotor AIMs scores are 
reversed by the selective delta-opioid receptor antagonist naltrindole...........................................123
Figure 5. D1R agonist-induced AIMs: MMP-2200 has no effect on LAO AIMs, but significantly 
reduces locomotor AIMs......................................................................................................................124
Figure 6. MMP-2200 reduces both D2R agonist-induced LAO and locomotor AIMs..................125
Figure 7. The effect of MK-801 and MMP-2200 on L-DOPA-induced AIMs................................126
Figure 8. The modulatory activity of MMP-2200 on MK-801 effects is altered by the selective 
delta-opioid receptor antagonist naltrindole.....................................................................................127
Figure 9. MMP-2200 suppresses the pro-parkinsonian activity of MK-801..................................129

Chapter 4
Figure 1. Experimental designs...........................................................................................................161
Figure 2. Functional restoration study post hoc verification unilateral 6-OHDA-lesion..............163
Figure 3. Functional restoration study: Behavioral analysis...........................................................165
Figure 4. LID Development Study: Post hoc validation of extent of 6-OHDA-lesion....................166
Figure 5. Treatment with nor-BNI accelerated the development of LAO and Locomotor AIMs.167
Figure 6. Subcutaneous injection of nor-BNI does not alter tonic dopamine levels in the DLS...169



9

Index of Tables

Table 1. Summary of the effects of MMP-2200 on LAO and locomotor AIMs induced by L-
DOPA, the selective D1 receptor agonist, SKF81297, and the selective D2 receptor agonist, 
quinpirole..............................................................................................................................................105



10

Abstract

Dopamine (DA)-replacement therapy utilizing L-DOPA is the mainstay of symptomatic treatment for 

Parkinson’s disease (PD).  A critical complication of this therapy is the development of L-DOPA-

induced dyskinesia (LID), which occurs in the majority of patients.  Endogenous opioid peptides, 

including enkephalins and dynorphins, are co-transmitters of dopamine, gamma-aminobutyric acid 

(GABA), and glutamate neurotransmission in the direct and indirect striatal output pathways, which are

disrupted in PD.  Alterations in levels of expression of these peptides and their precursors have been 

implicated both in PD and in the subsequent development and expression of LID.  Alterations in N-

methyl-D-aspartate (NMDA) glutamate transmission have also been implicated in LID; the NMDA 

receptor antagonist amantadine is the only drug currently approved for the clinical treatment of 

LID.  We utilized pharmacological techniques to investigate the role of altered opioid and NMDA 

neurotransmission occurring in the direct and indirect striatopallidal output pathways in preclinical 

models of PD and LID.  

In the first study presented (Chapter 2), we show that the antidyskinetic effects of the NMDA 

receptor antagonist MK-801 are preferential to the indirect pathway.  Specifically, we show that MK-

801 is capable of suppressing hyperkinetic abnormal involuntary movements (AIMs) induced by a 

selective D2R agonist, quinipirole but not those induced by a selective D1R agonist, SKF81297.  

Importantly, MK-801 is capable of suppressing AIMs induced by L-DOPA (levodopa, L-3,4-

dihydroxyphenylalanine), which is the most effective clinical treatment for PD, even though this agent 

likely activates both outflow pathways, and quinpirole, but not those induced by SKF81297.  This 

finding of MK-801 also indicates that the contribution of NMDA receptor-mediated glutamatergic 

transmission to the expression of LID may be specific to the indirect striatopallidal output pathway.
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In Chapter 3, we have investigated the effects of a novel opioid glycopeptide agonist MMP-

2200 which has high affinities and activities for mu and delta opioid receptors on AIMs induced 

separately by L-DOPA, quinpirole, and SKF81297.  We also investigated the combined effects of 

MMP-2200 and MK-801.  It was shown that the opioid glycopeptide MMP-2200 reduced AIMs 

induced by a D2R selective agonist quinpirole, and MMP-2200 modified the effect of MK-801 to result

in a potent reduction of L-DOPA-induced AIMs without induction of parkinsonism.

In the studies presented in Chapter 4, we show that the selective kappa opioid receptor 

antagonist nor-BNI accelerates the rate of development of levodopa-induced AIMs (as opposed to the 

expression of established AIMs) in a mild striatal 6-OHDA lesion model in a paradigm of chronic 

gradual dose escalation of L-DOPA to prime LID.  Functional restorative effects of nor-BNI on 

parkinsonian motor deficits were not observed.

Together, the studies described here investigated the roles of alterations in NMDA receptor 

glutamate transmission and opioid peptide transmission occurring in the direct and indirect striatal 

output pathways in the context of PD and LID.  These findings, using a standard preclinical model of 

PD and LID may point toward new therapeutic targets and drug candidates for the clinical treatment of 

LID.

Key words:  Parkinson’s disease, levodopa-induced dyskinesia, opioid receptors, NMDA receptor 

antagonist, MMP-2200, nor-BNI, MK-801
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Chapter 1: Introduction to Parkinson’s Disease and Levodopa-
Induced Dyskinesia

1.1 Introduction

Parkinson’s disease (PD) is a common age-related neurological disorder that affects approximately 1-

2% of the population over the age of 60 (Alves et al., 2008; de Lau & Breteler, 2006; Nussbaum & 

Ellis, 2003; Tanner & Ben-Shlomo, 1999).  It is the second-most common neurodegenerative disease 

following Alzheimer’s disease (Tanner & Aston, 2000).  PD is named in honor of James Parkinson 

(1755–1824), an English surgeon and apothecary who was the first to describe the disease as a 

neurological disorder (Parkinson, 1817).  Clinically, PD is characterized as a hypokinetic movement 

disorder with cardinal motor features including resting tremor, bradykinesia or akinesia, muscular 

rigidity, and postural instability (loss of postural reflexes).  Motor symptoms are mainly caused by 

degeneration of dopaminergic nigrostriatal projection neurons in the substantia nigra pars compacta 

(SNpc) and the resulting depletion of the neuromodulator dopamine in the basal ganglia.  Gait 

disturbance, cognitive impairments and other non-motor and non-dopaminergic features are also 

present in the majority of patients (Goldman & Postuma, 2014).  In addition to nigrostriatal dopamine 

depletion, another important pathological feature of PD is the presence of intracellular inclusion bodies 

primarily composed of the neuronal presynaptic protein alpha-synuclein in the brains of PD patients 

(Forno, 1996; Lewy, 1914).

Current therapeutic approaches to PD include pharmacological restoration of dopaminergic 

signaling relying primarily on the use of the DA precursor L-DOPA (levodopa) and selective DA 

receptor agonists and, during advanced stages of the disease, surgical interventions such as deep brain 

stimulation (DBS) (Jankovic & Aguilar, 2008).  It is important to note that these approaches, while 

effective at alleviating the symptoms of PD, do not alter the course of disease progression (i.e., 
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neurodegeneration).  Furthermore, L-DOPA therapy is associated with the development of debilitating 

motor complications including motor fluctuations and abnormal involuntary movements called 

dyskinesias (Fox et al., 2008). The research presented in this dissertation focuses mainly on the 

problem of levodopa-induced dyskinesia and details studies that relied on the use of preclinical models 

of L-DOPA-induced dyskinesia (LID). 

1.1.1 Historical background

James Parkinson and paralysis agitans

Parkinson’s disease was first described in 1817 by the English surgeon and apothecary James Parkinson

in his seminal manuscript An Essay on the Shaking Palsy, in which he described a series of six case 

studies of individuals afflicted with a tremulous, hypokinetic condition he referred to as the shaking 

palsy or paralysis agitans (Parkinson, 1817).  In 1872, the disease was renamed in Parkinson’s honor 

by the eminent French neurologist, Jean-Martin Charcot (1825-1893), who further elaborated the 

clinical description of the disease and is also responsible for realizing the distinction between PD and 

parkinsonism as a syndrome, which occurs in a number of various PD-plus syndromes (Charcot, 1872; 

Dauer & Przedborski, 2003; Lees et al., 2009).1 

1 Charcot differentiated between resting tremor in PD and kinetic tremor associated with other neurological disorders 
such as multiple systems atrophy, multiple sclerosis, progressive supranuclear palsy, essential tremor, and alcoholism.  
He was also the first to show that the symptoms of PD could be improved with anticholinergic drugs.
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Discovery of the pathological hallmarks of PD

In the early 20th century, two key discoveries were made regarding the neuropathology of PD.  First, in 

1910, F. H. Lewy described the disease pathology on a cellular and molecular level with his discovery 

of the presence of cytoplasmic inclusions occurring in the brains of postmortem paralysis agitans 

patients (Lewy, 1914).  These inclusions, which are referred to as Lewy bodies and Lewy neurites, are 

found within neurons and processes in the substantia nigra and in a broad range of other brain regions 

in individuals with PD, and are recognized today as one of the pathological hallmarks of this disease, 

although the mechanisms underlying their formation have not yet been resolved (Figure 1).  Lewy 

bodies were later found to contain ubiquitin, a highly-conserved molecular signal for the degradation of

intracellular substrates (Clague & Urbé, 2010); and in 1998 alpha-synuclein was identified as a main 

structural component (Spillantini et al., 1997).
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Figure 1. Pathological hallmarks of Parkinson's disease. (A) Loss of pigmented 

dopaminergic neurons in the substantia nigra pars compacta (SNpc) is readily observable 

between PD patients and age-matched Normal controls when comparing gross anatomical 

midbrain dissections. Credit: Science Photo Library https://www.sciencephoto.com/ (B) The 

arrow indicates a cytoplasmic inclusion, called a Lewy body, which is comprised of alpha-

synuclein are present in neurons in the brains of PD patients (immunohistochemistry for 

alpha-synuclein showing positive staining of an intraneural Lewy-body in the Substantia nigra 

in Parkinson's disease. Credit: Wikipedia https://www.wikipedia.org/

The second important discovery which has contributed to our understanding of PD neuropathology was

the description of pallor (loss of pigmentation) of the substantia nigra (SN) in gross midbrain 

dissections taken from postmortem paralysis agitans patients (Trietiakoff, 1919).  This phenomenon is 

now know to be due to loss of dopaminergic neurons in the SN that contain neuromelanin, a pigment 

synthesized from dopamine that is structurally related to other forms of melanin, which causes them to 

appear dark in color.  This finding proved to be an essential clue that the substantia nigra was the site of

lesion in PD (Figure 1).
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Neuropathological role of dopamine depletion in Parkinson’s disease and the advent of 
levodopa therapy

In the late 1950s, Swedish pharmacologist, Arvid Carlsson performed a series of landmark studies 

which revealed for the first time that dopamine (DA) functions as a neurotransmitter in the central 

nervous system (Carlsson et al., 1957).  Using a novel, highly sensitive assay developed for measuring 

chemical concentrations in biological tissue samples, he discovered that DA was concentrated within 

the basal ganglia nuclei, particularly within the neostriatum, and that these regions were spatially 

distinct from those in which norepinephrine is concentrated.2  Carlsson then demonstrated that the 

catatonic state of animals that had been treated with reserpine was associated with pronounced 

depletion of DA in these nuclei, and that this deficit could be completely reversed by administration of 

L-DOPA, the immediate precursor of DA.  This finding provided the first direct evidence for a 

functional role of DA as a neurotransmitter and was an important clue that dopaminergic signaling 

within the BG played an essential role in movement.  Furthermore, it suggested that DA could be the 

primary neurochemical deficient in the brains of PD patients. 

In 1960, soon after Carlsson published his studies on reserpinized animals, Oleh Hornykiewicz 

verified that dopamine was depleted within the brains of Parkinson’s patients and that this deficit was 

spatially localized to the neostriatum (Ehringer & Hornykiewicz, 1960).  This led to the rapid 

development of L-DOPA therapy as a symptomatic treatment for PD (Birkmayer & Hornykiewicz, 

1961).  Initially, a cohort of akinetic patients with postencephalitic parkinsonism from the influenza 

pandemic of 1918 were administered a relatively high-dose (50 to 150 mg) L-DOPA intravenously, 

which led to their seemingly miraculous awakenings.3  Then, in 1967, George Cotzias and his 

2 Carlsson utilized a spectrofluorophotometer to measure chemical concentrations in tissue samples.
3 Despite this initial success, levodopa therapy remained problematic in several ways; First patients’ response to L-DOPA

was extremely limited in duration; furthermore, subsequent trials by others failed to reproduce the same rates of 
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colleagues successfully treated patients with extremely high doses of orally-administered L-DOPA 

(Cotzias et al., 1967, 1969).  Cotzias utilized an approach that relied on gradually increasing doses of 

L-DOPA over the span of months, thus allowing the drug to gradually attain its full level of efficacy.4  

Finally, in 1969, Yahr conducted a double-blind clinical trial which ultimately established L-DOPA as 

an effective therapy for treating the motor symptoms of PD (Yahr et al., 1969).  Lower doses of L-

DOPA could be used with a peripherally acting decarboxylase inhibitor (Papavasiliou et al., 1972).  

Problems of excessive peripheral DA were resolved through the co-administration of an inhibitor of the

aromatic amino acid decarboxylase (AADC) enzyme, using alpha-methyl hydrazine (carbidopa) and 

later benserazide, which greatly enhances transport5 of L-DOPA across the blood-brain-barrier, 

potentiating its effects within the central nervous system while simultaneously preventing accumulation

of excess peripheral DA.  This allowed for more effective management of PD symptoms through an 

accelerated induction of optimal L-DOPA efficacy, while using substantially lower doses of L-DOPA. 

Soon after levodopa was introduced as a therapy for PD, it was discovered that it is associated 

with the appearance of adverse motor complications including motor fluctuations and the development 

of abnormal involuntary movements called levodopa-induced dyskinesias (LIDs).  Dyskinesias 

typically occur during L-DOPA “on” periods, particularly during the peak of each dose, which 

predominantly consist of choreiform and dystonic abnormal involuntary movements, but may also 

include athetosis.  In contrast, motor fluctuations refer to “off”-states, which are defined by different 

temporal patterns of returning parkinsonian symptoms, e.g. “wearing-off”, “random on-off”, and 

“delayed on” (Fahn et al., 2011).  Although, these motor complications had been encountered 

previously during clinical trials, the antiparkinsonian benefits of L-DOPA therapy were self-evident and

success, with some trials even reporting a null effect of L-DOPA therapy altogether.  
4 One critical problem was that, in many instances, extremely high doses of L-DOPA were necessary to effectively 

reverse PD motor symptoms, which caused a number of adverse side effects related to excessive peripheral DA 
including gastrointestinal effects as well as nausea.  

5 L-DOPA is transported across the blood-brain-barrier by the action of large neutral amino acid transporters.
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outweighed the risk of side effects, thus development of L-DOPA as a therapy for PD continued and it 

has remained the ‘gold-standard’ of symptomatic treatment for PD until the present day.6 

The presence of motor complications related to chronic use of L-DOPA as a therapy for PD is a 

significant problem that affects the majority of patients (Fox & Lang, 2008; Obeso, Olanow, et al., 

2000).  Since the 1970s, various therapeutic strategies have been developed in an attempt to counteract 

or delay the appearance of adverse side effects of L-DOPA therapy, while attempting to preserve its 

motor restorative efficacy (Nutt et al., 2000; Olanow et al., 2006; Schapira & Obeso, 2006; Olanow et 

al., 2013), however, motor complications associated with DA-replacement therapy remain an important

treatment-limiting problem that will be encountered by the majority of patients (Smith et al., 2012).  

Thus there is an ongoing need for the development of novel adjunct therapies that can help to alleviate 

these debilitating side effects.

Mapping the neural circuits underlying PD pathology and the development of functional 
surgical approaches to PD therapy

The most important developments following the discovery of the role of DA in movement and the 

development of levodopa therapy, which have shaped our conceptualization of PD pathology and the 

clinical treatment of PD, were the mapping of the neural pathways pathologically dysregulated in PD 

and the development of surgical approaches for treatment of PD.  Several key neuroanatomical and 

pathological studies have helped to shape our current understanding of basal ganglia functional 

anatomy and systems-level pathophysiology of PD.  In the late 1980s and early 1990s, scientists began 

to map the functional organization of the basal ganglia utilizing data from studies involving rats and 

6 The development and success of L-DOPA therapy was a landmark development in the treatment of PD, however, it has 
also revealed that some symptoms of PD do not respond well to dopaminergic drug therapies.  It is thought that these 
symptoms are more likely associated with dysregulation of other neurotransmitter systems e.g. serotonergic, 
noradrenergic; treatment of non-motor features remains an important problem in the treatment of PD. 
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non-human primates.  Several studies revealed that unilateral lesions of the ventral midbrain decreased 

levels of DA in the striatum (Andén et al., 1965, 1964; Goldstein et al., 1966; Poirier & Sourkes, 1965)

and that unilateral removal of the striatum decreased the number of catecholaminergic neurons in the 

SN (Andén et al., 1965).  Together, these studies provided evidence that the SN and striatum form part 

of a common nigrostriatal dopaminergic pathway involved in motor control, and more specifically, that 

the dorsolateral striatum receives terminal projections from dopaminergic neurons in the SN.

Detailed anatomical and pathological studies of the SN revealed that one particular subregion of

the SN, the pars compacta (SNpc), is preferentially affected by the neurodegenerative process 

(Greenfield & Bosanquet, 1953) and that, within the SNpc, cell loss is further localized to the 

ventrolateral tier and caudal regions of that nucleus (Fearnley & Lees, 1991).  Another study revealed 

disproportionate degeneration of pigmented DA neurons in the SNpc, relative to non-pigmented DA 

neurons in this nucleus (Hirsch et al., 1988).7 

Following characterization of the disease pathology in the SNpc, attention shifted toward 

studying the molecular basis of DA neurotransmission in striatal neurons.  Several key studies (Albin et

al., 1989; Brotchie et al., 1993; DeLong, 1990) revealed that the striatum is comprised mostly of 

GABAergic medium spiny neurons (MSNs), which project either 1) directly to the output nuclei of the 

basal ganglia (i.e., the substantia nigra pars reticulata (SNr) and the globus pallidus interna) or 2) 

indirectly, through synapses in the globus pallidus externa (GPe) and subthalamic nucleus (STN).  

Gerfen et al. (1990) found that striatonigral projecting MSNs predominantly express D1 dopamine 

receptors and substance P, while striatopallidal projection MSNs express predominantly D2 dopamine 

receptors and the opioid peptide enkephalin.  This established the existence of two anatomically distinct

pathways in the basal ganglia, which are segregated according to their expression of dopamine receptor

7 This led some scientists to hypothesisze that neuromelanin could contribute to the selective vulnerability of DA neurons
in the SNpc and that neuromelanin or its precursors might be cytotoxic or interfere with cellular physiological processes
(Marsden, 1983).
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subtype (D1 vs. D2) and corresponding projection targets, thus forming two separate populations of 

striatal MSNs,8 which form the so-called direct and indirect striatal output pathways.  This striking 

anatomical and neurochemical segregation has been further characterized through a series of 

electrophysiological, genetic, and behavioral experiments, which have provided empirical evidence to 

support the model (Day et al., 2006; Gong et al., 2003; Kravitz, 2010; Kreitzer & Malenka, 2007).

Classic model of basal ganglia physiology 

The development of toxin-based animal models of PD including the 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) nonhuman primate (Burns et al., 1983; Di Monte et al., 2000; Langston et 

al., 1984) and mouse models (Hallman et al., 1984; Heikkila et al., 1984; Sonsalla & Heikkila, 1986), 

as well as the 6-hydroxydopamine (6-OHDA) rat model (Hokfelt & Ungerstedt, 1973; Ungerstedt & 

Arbuthnott, 1970; Ungerstedt, 1968) was instrumental to furthering our understanding of the systems 

level pathophysiology of the disease and led to the development of the classical model of basal ganglia 

functional circuitry (Albin et al., 1989; DeLong, 1990).  The introduction of this model also restored 

interest in surgical approaches (Bergman et al., 1990; Limousin et al., 1995)  eventually leading to the 

development of deep brain stimulation (DBS).  

8 D1 and D2 expressing MSNs together constitute 90% of the neurons in the striatum.
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Figure 2. Schematic diagram of the direct and indirect striatal output pathways of the 
basal ganglia in normal and parkinsonian states. Inhibitory striatal projection neurons, 
called medium spiny neurons (MSNs) in the striatonigral direct (‘Go’) pathway express D1 
receptors (D1Rs) and utilize dynorphins and substance P as a co-transmitters, while MSNs in 
the striatopallidal indirect (‘No-Go’) pathway express D2 receptors (D2Rs) and employ 
enkephalins as co-transmitters. Dopamine (DA) is excitatory to MSNs in the direct pathway 
via its activation of D1Rs; it is inhibitory to indirect pathway MSNs via its activation of D2Rs.  
Arrows represent synaptic connections made by projection neurons between the respective 
nuclei; the weights of arrows (indicated by their thickness) represent the average linear rate of
activation for a given projection.  In the normal state (Left), the activation rates of MSNs in the
direct and indirect pathways are balanced.  However, in response to DA depletion in PD 
(Right), activation of MSNs in the direct and indirect pathways are hypo- and hyper-activated 
respectively. Dashed lines of arrows label the afferent dopaminergic projections from the 
SNpc to the striatum indicate lesion of the nigrostriatal pathway that occurs in PD; the skull-
and-crossbones ‘toxicity’ symbol indicates cell death in the SNpc in PD.  Note that this is a 
simplified diagram of basal ganglia circuitry, some relevant synaptic projections and nuclei, 
e.g. the pedunculopontine nucleus (PPN), have been omitted for simplicity of visualization. 
GPe, external globus pallidus; GPi, internal globus pallidus; Cortex includes  primary motor 
cortex, pre-motor cortex, supplementary motor area; SNc, substantia nigra pars compacta; 
SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; Thalamus includes the 
ventral anterior/ventral lateral nucleui of thalamus. Adapted from Smith, Y., Wichmann, T., 
Factor, S. A. & DeLong, M. R. Parkinson’s disease therapeutics: new developments and 
challenges since the introduction of levodopa.
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The classical model is based on the functional opposition of the direct and indirect striatal 

output pathways of the basal ganglia (Figure 2). The two pathways operate in parallel to one another to

modulate motor output (Alexander & Crutcher, 1990).  Specifically, activation of the direct 

striatonigral pathway is excitatory to movement while activation of the indirect striatopallidal pathway 

is inhibitory to movement (Smith et al., 1998).  The principle concept underlying the classic model is 

that, under normal physiological conditions, the direct and indirect pathways have balanced rates of 

activation; however, in states of altered DA neurotransmission, as a consequence of oppositional effects

of DA on D1 and D2 receptors, an imbalance arises in the relative activation rates of the two pathways.  

In the context of PD-related DA depletion, the indirect striatopallidal pathway is rendered hyperactive 

while the direct striatonigral pathway is rendered hypoactive; this imbalance is thought underlie the 

predominantly hypokinetic features of the disease.  Thus the net functional effect of striatal DA 

depletion is enhanced suppression of thalamo-cortical motor output (Obeso, Rodriguez-Oroz, et al., 

2000).  

In the context of the classic rate model, hyperkinetic abnormal involuntary movements related 

to DA receptor hyperstimulation (i.e., dyskinesia), in contrast PD symptoms, are thought to result from 

hyperactivation of the direct pathway, and inhibition of the indirect pathway (Graybiel et al., 2000).  

This model is referred to as a rate-based model because it explains aspects of basal ganglia physiology 

and pathology according to linear rates of activation between component nuclei and it is diagrammed 

such that weights of projections between nuclei (indicated by their thickness) represent linear rate 

coding of activation.  Thus, the classical direct-indirect pathway theoretical framework appears to 

successfully explain some key aspects of both the hypokinetic motor abnormalities in PD and the 

hyperkinetic abnormal involuntary movements in LID as a result of the oppositional roles of these 

pathways in activating and inhibiting motor output (Figure 2).  In summary, the classical “direct-
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indirect” pathway model provides a framework for reasoning about basal ganglia physiology and 

serves to effectively explain many aspects of disorders that involve dysfunction of these pathways.9 

Updates to the classical model of basal ganglia physiology

It is now appreciated that the physiology of the BG is more complex than the classical rate-based 

model developed by Albin and DeLong.  In particular, more recent models include operation of the 

hyperdirect corticosubthalamic pathway in parallel with the direct and indirect striatal output pathways 

(Nambu, 2004).  Furthermore, it is now appreciated that initiation and execution of movement 

sequences involves coordinated activation of the direct and indirect pathways together (Cui et al., 2013;

Tecuapetla et al., 2016).  Prior to 2002, models of PD were represented as static diagrams representing 

linear rate-coding of activation, (i.e., static/non-dynamic average rates of activation) however, it is now 

appreciated that non-linear dynamical activity plays a critical role in BG physiology and 

pathophysiology (Obeso et al., 2008).  In particular, oscillatory activity and synchronization are now 

recognized to play an important role in BG physiology (Brown et al., 2001; Hammond et al., 2007, 

2008; Plenz & Kital, 1999) and appear to play a fundamental role in information processing and 

communication by coordinating activity within and across brain regions (Buzsáki & Draguhn, 2004).

The striatum is also spatially and functionally divided into striasomes and matrisomes (or patch-

matrix organization) based on their differential expression of histochemical markers (Gerfen et al., 

1985, 1987; Gerfen, 1984, 1992; Graybiel & Ragsdale, 1978; Herkenham & Pert, 1981); this represents

another level of organizational complexity for which the classical basal ganglia model did not account. 

Both patch and matrix compartments contain striatal projection neurons belonging to the direct and 

9 Other disorders involving dysfunction of the basal ganglia include Huntington’s disease, Tourette’s syndrome, addiction
disorders, chronic pain, depression, and schizophrenia.
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indirect output pathways, however, function of motor control has been more closely associated with 

matrix pathways, whereas cognitive and affective functions have been assigned to the striasome/patch 

compartments (Prager & Plotkin, 2019).  Additionally, there is another functional division of the 

striatum that is broadly-defined along a dorsolateral-ventromedial axis such that the dorsolateral 

striatum is generally involved with motor control, while the ventromedial striatum is involved with 

associative and limbic functions (Voorn et al., 2004).

Surgical approaches & deep brain stimulation

Although interest in surgical approaches for the treatment of PD declined following the advent of L-

DOPA therapy, by the mid-1980s, a significant number of PD patients with symptoms refractory to 

levodopa had accumulated and surgical techniques began to be re-explored (Gardner, 2013).  In 1990, 

Bergman et al. demonstrated reversal of PD motor deficits through ablative lesion of the STN.  Another

study by Laitinen et al. (1992) showed that stereotactic posteroventral pallidotomy led to remarkable 

improvement of parkinsonian sysmptoms.  However, although such ablative surgical procedures were 

remarkably effective in treating PD symptoms, their efficacy was ultimately proven inferior to that of 

deep brain stimulation (DBS) and by 1995, DBS was established as the most effective surgical 

treatment for PD and it gained FDA approval for that purpose in 2002 (Gardner, 2013).

Deep brain stimulation (DBS) is a procedure that involves chronic high frequency (> 100 Hz)10 

electrical stimulation of specific brain nuclei via surgically implanted electrodes.  The procedure 

involves surgical placement of a generator that transmits a continuous pattern of electrical impulses via 

multiple contact electrode configurations to target nuclei.11  As PD neurodegeneration progresses 

10 A frequency of 130 Hz is commonly used in DBS.
11 The most common nuclei targeted in PD are the STN and the GPi.
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during the course of the disease, many patients develop medication-refractory symptoms and 

debilitating motor complications including motor fluctuations and LID.  Once disease pathology has 

advanced to this point, pharmacological management of symptoms and disability becomes increasingly

intractable.  Then, for certain patients, DBS often results in a remarkable degree of symptomatic 

improvement and enhanced quality of life.  In many instances, DBS provides symptomatic alleviation 

that is superior to levodopa therapy.  Motor signs of PD including tremor, bradykinesia, and rigidity, as 

well as the motor complications associated with chronic DA replacement therapy, are significantly 

improved by DBS targeting either the STN or GPi.

The discovery of DBS is mostly attributed to Alim-Louis Benabid who was at the Centre 

Hospitalier Universitaire de Grenoble in France.  While using intraoperative electrical stimulation to 

insure correct localization of lesion placement during ablative surgeries, Benabid discovered that high 

frequency stimulation could alleviate some of the motor symptoms of PD.  In 1991, two independent 

groups, one led by Benabid and another by Blond and Siegfried, concurrently reported that thalamic 

DBS improves tremor in patients with advanced PD (Benabid et al., 1991; Blond & Siegfried, 1991).  

These were the first published reports of modern DBS for the treatment of PD, however, these studies 

were limited by a lack of effect on other motor symptoms of PD.  The aforementioned ablative lesion 

studies in non-human primates, by Bergman and Laitinen during the early 1990s, suggested that the 

STN and globus pallidus would be more appropriate targets for DBS in PD.  This was subsequently 

confirmed in studies directly applying DBS to the internal globus pallidus (GPi) and the subthalamic 

nucleus (STN) (Benazzouz et al., 1993; Limousin et al., 1995; Pollack et al., 1993; Siegfried & Lippitz,

1994).  DBS of the STN is currently the preferred target for most patients because it provides 

improvement for a wide range of PD motor symptoms; however, stimulation of the GPi may be 



26

preferred for patients with L-DOPA refractory symptoms or with LID (Limousin & Martinez-Torres, 

2008; Schwalb & Hamani, 2008).

Although DBS has been in use for several decades as a therapy for PD motor symptoms, it 

apparently does not alter the course of disease progression.  Furthermore, its mechanisms of action are 

not well-understood.  In particular, there remains an unexplained paradox related to question of the 

mechanism through which high-frequency stimulation (HFS) of the STN or GPi can give rise to the 

same effect on PD motor symptoms as ablative lesions in these nuclei.  According to the classic rate-

based model, DBS in the STN or GPi should further inhibit movement, yet it reverses PD-related motor

inhibition.  Therefore it was initially hypothesized that DBS must function as a reversible lesion, 

however, our current understanding is that it actually increases firing rates in the target and projection 

nuclei and directly modulates brain activity in a controlled manner (Hammond et al., 2007, 2008).  An 

important pathological feature of PD is the emergence of abnormal hypersynchronous neuronal activity

within the beta frequency range (13–35 Hz), particularly within the subthalamic nucleus (Cassidy et al.,

2002; Gradinaru et al., 2009; Kühn et al., 2005; Levy et al., 2002; Sharott et al., 2018).  Data suggest 

that DBS acts to alter oscillation frequencies and attenuate aberrant hypersynchronous patterns of 

neural activity in PD.  

Using, in vivo electrophysiology to record neural activity in one region of the brain, while 

simultaneously stimulating another brain region with a DBS electrode, demonstrated that DBS directly 

modulates pathological oscillatory activity between brain regions.  Specifically, DBS suppresses hyper-

synchronized oscillations in nuclei of the basal ganglia (Hammond et al., 2007) and reduces the phase-

amplitude coupling in the motor cortex (De Hemptinne et al., 2015).  This suggests that high-frequency

stimulation of the STN or GPi may realize symptomatic benefits through attenuation of PD-related 

hypersynchronization.  Recent advances in DBS include the development of closed-loop DBS, bi-
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directional electrodes, which can stimulate as well as record neural activity, and the use of DBS for 

other neuropsychiatric disorders like obsessive compulsive disorder, Tourette’s syndrome, and 

depression (Rosin et al., 2011). 

1.2 Parkinson’s disease etiology

Parkinson’s disease is a highly complex and heterogeneous disease whose pathogenesis is thought to 

arise through interactions between multiple genetic and environmental factors.12  Age is the primary 

risk factor for the development of PD.  The etiology of most cases of PD is unknown; such cases are 

referred to as idiopathic or sporadic. This accounts for the majority of PD cases (> 90%) and they 

occur without any family history of the disease (Bellou et al., 2016), although, there is now 

considerable evidence that idiopathic PD is linked to mutations in the LRRK2 (leucine-rich repeat 

kinase 2) and several other genes without any clear pattern of familial inheritance (Berg et al., 2005; 

Brice, 2005; Correia Guedes et al., 2010).  It is estimated that fewer than 10% of PD cases are linked to

genetic mutations occurring in a single gene locus that are inherited as Mendelian dominant or 

recessive traits.  Although monogenic forms of PD are rare, their characterization has helped to 

elucidate pathological mechanisms underlying idiopathic PD.  

Evidence for environmental causes of PD is related to the incidence of postencephalitic cases of

parkinsonism (Casals et al., 1998) and severe acute parkinsonism resulting from self-injection with 

MPTP-contaminated meperidine (Davis et al., 1979; Langston et al., 1983).  Epidemiological studies 

have also linked the disease to consumption of well water, residence in rural areas, and exposure to 

pesticides such as rotenone (Betarbet, 2000) and herbicides including paraquat, maneb, and agent 

12 The wide heterogeneity in PD clinical subtypes suggests that it may not represent a single disease but rather a spectrum 
of disorders.
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orange (Dauer & Przedborski, 2003; Thiruchelvam et al., 2000, 2003).  Parkinsonism with 

frontotemporal dementia has also been linked to consumption of cycad plant seeds and/or 

cyanobacteria by indigenous peoples of Guam (Bradley & Mash, 2009; Murch et al., 2004; Spencer et 

al., 1987).  Furthermore, a protective effect of curcumin has been evidenced by epidemiological studies

that reported lower prevalence of PD and AD in India (Chainani-Wu, 2003; Donatus et al., 1990; 

Kelloff et al., 1996).  Coffee consumption and cigarette smoking are protective and inversely associated

with the incidence of PD (Hernan et al., 2002).  There is currently no consensus as to whether or not 

any racial bias on the incidence of PD exists, however, most prevalence studies suggest that White 

people are more likely to develop PD than individuals from other racial backgrounds although 

geographic location is a more reliable predictor than race or ethnicity (Pringsheim et al., 2014; Wright 

Willis et al., 2010).

1.2.1 Epidemiology 

In the United States, approximately one million individuals suffer from PD, and there are 60,000 new 

cases diagnosed every year (DeMaagd & Philip, 2015; Marras et al., 2018).  The disease affects 1-2% 

of the population over the age of 60 and this rate increases to affect 5% of the population over age 85 

(de Lau & Breteler, 2006; Nussbaum & Ellis, 2003).  Only 4% of all PD cases are diagnoses before age

50.  The disease affects males more often than females with a ratio of 3:2 (Martínez-Rumayor et al., 

2009; Miller & Cronin-Golomb, 2010).  The most recent estimate of the combined direct and indirect 

costs of PD in the U.S. amounts to nearly $52 billion per year (Parkinson’s Foundation, 

parkinson.org/research/economic-burden-study).  Based on U.S. Census Bureau projections, Marras et 

al. (2018) estimated that the number of individuals living with PD will be 1.2 million in 2030.  It is 

projected that the number of individuals living with PD worldwide has reached 10 million; the 



29

incidence is higher in industrialized countries.  As life expectancy continues to increase worldwide, the 

prevalence of PD is expected to increase correspondingly.  Therefore, research endeavors promoting 

the development of novel therapies to prevent or treat PD and LID has become an urgent concern.

1.2.2 Advanced age

The primary risk factor for developing PD is advanced age (Calne & Langston, 1983; Tanner & Ben-

Shlomo, 1999) and it is also the best predictor of the rate of disease progression (Diederich et al., 2003;

Hely et al., 1995; Jankovic & Kapadia, 2001).  In particular, there is substantive evidence to suggest 

that PD and aging share common underlying mechanisms.  Mitochondrial dysfunction, oxidative stress,

and defective proteostasis play a central role in the cellular and molecular neuropathogenesis of PD 

(Dauer & Przedborski, 2003).  Furthermore, PD and aging are linked through genomic instability 

(Ambroziak et al., 2015), and mutations and deletions in nuclear (Berg et al., 2005; Brice, 2005; 

Correia Guedes et al., 2010) and mitochondrial DNA (De Coo et al, 1999; Muller Nedebock et al., 

2019).

A number of preclinical primate studies have identified age-related dysfunction of the 

nigrostriatal dopaminergic system, including depletion of striatal DA, and age-related reduction in 

motor activity (Collier et al., 2007; Irwin et al., 1994).  These findings suggest that age-related changes 

increase the susceptibility of nigrostriatal dopaminergic neurons to degeneration and that cellular 

mechanisms involved in normal aging are enhanced and accelerated in PD due to multiple genetic and 

environmental factors (Sulzer, 2007).  Aging is associated with accumulation of damage to cellular 

macromolecules including membranes, proteins and DNA (Bandy & Davison, 1990; Gems & 

Partridge, 2013; Kirkwood, 2005; Schumacher et al., 2008; Vijg & Campisi, 2008).  Theories 
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attempting to explain the relationship between aging and neurodegeneration posit that age-related 

changes increase the vulnerability of neurons to degeneration and that cumulative damage to cellular 

components such as nuclear DNA (nDNA) and mitochondria, including mitochondrial DNA (mtDNA) 

is a major factor underlying the process of both aging and neurodegeneration (Collier et al., 2017; 

Madabhushi et al., 2014; Martin, 2008; Schon & Przedborski, 2011).   

1.2.3 Selective vulnerability of SNpc dopaminergic neurons to degeneration

Another important hallmark of aging is altered energy metabolism (Bratic & Trifunovic, 2010; López-

Otín et al., 2013; Roberts & Rosenberg, 2006; Swerdlow, 2011; Willis et al., 2002).  Similar alterations 

in mitochondrial respiration have also been linked to PD neuropathology (Mann et al., 1992; Minzuno 

et al., 1989).  Neurons require between 10-20 times more energy than other cell types; roughly 20% 

and 25% of total oxygen and glucose consumed by the body are dedicated to the brain, although the 

brain accounts for only 2% of total body mass.  Most of this additional energy is used to power 

synaptic transmission (Harris et al., 2012) as well as in the maintenance and restoration of ion gradients

dissipated by signaling processes (Attwell & Laughlin, 2001).  It is thought that dopaminergic neurons 

in the SNpc may possess the highest energy requirements of any neuronal cell type (Pellerin & 

Magistretti, 1994; Pissadaki & Bolam, 2013; Wellstead & Cloutier, 2011).  One aspect of this is that 

SNpc neurons possess intrinsically generated pacemaking activity, characterized by a 2-4 Hz firing 

rate, which is reliant on calcium (Chan et al., 2009; Guzman et al., 2009; Puopolo et al., 2007).  This 

reliance on calcium for pacemaking is a major source of energetic stress.  Cells maintain a 20,000 fold 

difference between their intracellular ( 100 nM free) and extracellular (mM) concentrations of ∼

calcium; excess cytosolic calcium interferes with a wide array of intracellular signaling pathways 

critical to survival (Clapham, 2007).  Removal of calcium from the cytosol is an energy-intensive 
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process that involves ATP-dependent pumping of cytosolic calcium ions into endoplasmic reticulum 

stores and extrusion into the extracellular space against an extremely high concentration gradient via 

the sodium-calcium exchanger (NXC).  Finally, another reason for the enormously high energy 

requirements of SNpc DA neurons is related to their massive and highly complex unmyelinated axonal 

arborization within the striatum (Matsuda et al., 2009).  Neurons with long, sparsely myelinated axons 

are preferentially vulnerable to PD damage (Braak & Del Tredici, 2004).  In conclusion, the unique 

anatomy and physiology of SNpc dopaminergic neurons is associated with exceptionally high energetic

demands, which predisposes dopaminergic neurons in to effects of aging on energy metabolism (Van 

Laar & Berman, 2009).
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1.2.4 Mitochondrial dysfunction

Mitochondrial dysfunction, defined as deficiency in the mechanisms of mitochondrial respiration, is a 

central component of aging and has been implicated in the pathogenesis of PD.  The first evidence 

linking mitochondrial dysfunction to PD arose in the late 1970s and early 1980s when a series of cases 

of irreversible parkinsonism clinically indistinguishable from idiopathic PD, including responsiveness 

to L-DOPA, were documented in individuals who had intravenously self-administered meperidine 

contaminated with the mitochondrial toxin MPTP (Davis et al., 1979; Langston et al., 1983).  MPTP is 

a nonpolar molecule, which is transported across the blood-brain-barrier, and metabolized to MPP+, a 

potent inhibitor of complex I of the mitochondrial electron transport chain.  This conversion takes place

inside of astrocytes and is catalyzed by monoamine oxidase A.  MPP+ is then selectively taken up by 

dopaminergic terminals through the DAT transporter (Dauer & Przedborski, 2003).  The finding that 

complex I inhibition is sufficient to cause a parkinsonian syndrome clinically identical to idiopathic PD

suggested that defects in mitochondrial respiration may play a role in the pathogenesis of PD.  Indeed, 

it was confirmed soon thereafter that nigral tissue taken from sporadic PD patients postmortem 

displayed decreased complex I activity (Mann et al., 1992; Schapira, 1990; Schapira, Cooper, et al., 

1990).

However, while the development of PD induced by MPTP is an important clue related to the 

role of mitochondiral dysfunction in the pathogenesis of PD, the more gradual development of 

symptoms in sporadic PD argues against a role for acute exposure to environmental toxins.  Instead, it 

is more likely that genetic mutations impairing mitochondrial respiration are a determining factor.  

Perhaps not surprisingly, mutations in complex I genes were later identified in postmortem sporadic PD

brain tissues, particularly within the substantia nigra, including deletions in mitochondrial DNA (Schon

& Przedborski, 2011).  Additionally, several PD-associated genes, including SNCA, Parkin, PINK1, 
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DJ-1, LRRK2 and HTR2A, show a degree of localization to the mitochondria under certain conditions.  

Paradoxically, however, PD is not maternally inherited except in a very small subset of patients, and no 

specific mutation in mitochondrial DNA has yet been conclusively linked to PD.  Nevertheless, rare but

important cases of familial PD establish an important role of impaired mitochondrial function as a 

factor, as discussed in the next section. 

1.2.5 Mitochondrial quality-control deficits

Monogenetic loss of function mutations in PTEN-induced kinase (PINK1; PARK6) and parkin 

(PARK2) are two mitochondrial genes that have been conclusively linked to PD (Kitada et al., 

1998).  Together, the two genes form a quality-control mechanism for removal of damaged 

mitochondria through the process of mitophagy (Narendra, 2010; Vives-Bauza, 2010).  Monogenetic 

loss of function mutations in PINK1 and parkin have both been linked to early-onset autosomal 

recessive forms of PD (Valente et al., 2004).  While mutations in these genes are rare, a mechanistic 

understanding of the functions performed by their encoded proteins has revealed important insights 

related to the potential role of mitochondrial dysfunction in sporadic/idiopathic PD.  Since the selective

removal of damaged mitochondria by the PINK1/Parkin mitophagy system was described in detail, the 

role of mitophagy in PD has continued to be an active area of research (Deas et al., 2011). 

Selective mitophagy is regulated by parkin and PINK1 (PTEN-induced putative kinase 1); 

mutations in these genes have been linked to autosomal recessive forms of Parkinson’s disease (Valente

et al., 2004).  These proteins have also been shown to mediate the same pathway in response to 

mitochondrial damage in Drosophila and other invertebrates, indicating that the pathway is 

evolutionarily conserved (Clark et al., 2006; Greene et al., 2003; Park, 2006).  PINK1 encodes PTEN-
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induced putative kinase 1 (PINK1), a mitochondrial kinase which has a highly conserved kinase 

domain with homology to the serine/threonine kinases of the calcium/calmodulin-dependent family of 

kinases and has a mitochondrial targeting sequence that localizes it to mitochondria Parkin encodes an 

E3 ubiquitin ligase, which ubiquitylates a number of proteins, including proteins on the surface of the 

outer membrane of mitochondria that are important for targeting autophagic machinery to damaged 

mitochondria.

1.2.6 Oxidative stress 

In addition to mitochondrial dysfunction, there is also substantial evidence that oxidative stress plays 

an important role in the neuropathogenesis of PD (Schapira & Jenner, 2011).  The SNc of postmortem 

PD patients displays increased levels of oxidized lipids, DNA, proteins and decreased levels of the 

antioxidant protein glutathione  (GSH) (Dias et al., 2013).  Mitochondrial respiration normally 

generates reactive oxygen species (ROS), which in turn causes oxidative damage to cellular 

macromolecules such as DNA, proteins, and lipids (Boveris et al., 1972).  Cells have evolved a number

of mechanisms for scavenging free radicals (Ebadi et al., 1996; Jenner et al., 2003; Jenner & Olanow, 

2006).  Oxidative stress occurs when there is an imbalance between production of ROS and cellular 

antioxidant activity and/or repair mechanisms (Lotharius & Brundin, 2002).  Two important protective 

reactions include the conversion superoxide radical (O2
−) to hydrogen peroxide (H2O2) by superoxide 

dismutase, and the reaction of hydrogen peroxide with reduced glutathione to produce H2O.  Nigral 

dopaminergic neurons also contain iron, which catalyzes the Fenton reaction, through which O2
− and 

H2O2 can contribute to harmful oxidative stress (Valko et al., 2007).  It has been shown that 

accumulation of iron in the SNc of PD patients is increased relative to control subjects (Brar et al., 

2009; Faucheux et al., 2003). Additionally, neuroinflammation can further accelerate ROS production 
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(Block et al., 2007). Finally, DA metabolism is another important source of free-radicals in the form of 

DA metabolites (dopaquinones) and auto-oxidation products. Nigral DA neurons are subject to many 

sources of ROS are therefore thought to be intrinsically more susceptible to oxidative stress induced by 

excessive ROS generation (Sulzer, 2007). 

1.3 Levodopa-induced dyskinesia

DA replacement strategies relying primarily on use of the DA precursor levodopa or DA receptor 

agonists are the primary symptomatic treatments for PD.  Although effective at treating the primary 

motor symptoms of the disease, over time, patients develop debilitating motor fluctuations and 

levodopa-induced dyskinesia (LID).  In PD and LID, abnormal dopamine receptor stimulation alters 

the GABAergic striatal efferents of the dopamine D1 receptor-expressing direct striatonigral output 

pathway and the dopamine D2 receptor-expressing indirect striatopallidal output pathway (Figure 3).  

Abnormal striatal output, in turn, alters the linear firing rate, patterning, and synchronization of 

neuronal activity in the basal ganglia.  These alterations in the basal ganglia subsequently affect the 

motor cortex, which may manifest as alterations in volitional movement or the appearance of 

involuntary movements clinically in patients.  In rodent models, choreiform and dystonic abnormal 

involuntary movements (AIMs) are thought to be a correlate of the clinical state of LID (Cenci et al., 

2002). 
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Figure 3. Schematic diagram of the direct and indirect striatal output pathways of the 

basal ganglia in states of Parkinson’s disease and L-DOPA-induced dyskinesia.  

Alterations in the direct and indirect pathways of the basal ganglia in Parkinson’s disease 

(Left) and in levodopa-induced dyskinesia (Right).  Following administration of levodopa, D1 

and D2 receptors on striatal projection neurons are hyperactivated by DA derived from 

exogenously administred L-DOPA, leading to an imbalance in rates of activation of the direct 

and indirect output pathways that is opposite to the imbalance realized in the Parkinson’s 

disease dopamine depleted state.  

It is thought that the underlying pathophysiology of LID is related to a maladaptive synaptic 

plasticity that has distinct presynaptic and postsynaptic components linked to the pharmacological 

replacement of endogenous DA with L-DOPA formulations (Obeso et al., 2000).  Nigral dopaminergic 

neurons have intrinsic pacemaker activity and fire continuously to maintain levels of striatal DA at 

relatively constant levels so that postsynaptic DA receptors on MSNs receive stable and continuous 

levels of input via post-synaptic DA receptors (Surmeier et al., 2011).  As PD progresses however, the 

striatum becomes progressively denervated of nigral dopaminergic terminals and, secondarily, striatal 
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DA levels become increasingly dependent on exogenous administration of L-DOPA.  L-DOPA is 

typically administered orally between 2-4 times daily, which gives rise to progressively more severe 

fluctuations of dopaminergic tone, as the striatum loses the capacity to homeostatically regualate levels 

of DA.  The resulting presynaptic alterations contribute to the development of LID and motor 

fluctuations.  Postsynaptically, LID is thought to arise from non-physiologic, pulsatile stimulation of 

DA receptors expressed on striatal projection neurons (SPNs), as well as altered mechanics of DA 

vesicular release and reuptake pre-synaptically (de la Fuente-Fernandez et al., 2004).  

1.3.1 NMDA-receptor antagonists in PD and LID

Preclinical studies in MPTP-lesioned primates and 6-OHDA lesioned rats have demonstrated that 

selective NMDA receptor antagonists reduce LID but worsen parkinsonism  (Gomez-Mancilla & 

Bédard, 1993; Papa & Chase, 1996a; Paquette et al., 2010; Rupniak et al., 1992).  The multifunctional 

drug with modest NMDA receptor antagonist activity, amantadine, is an established clinical therapy for

LID (Goetz et al., 2005; Pahwa et al., 2006).  In practice, however, only a proportion (~25%) of 

patients respond well to amantadine; some patients experience hallucinations, confusion, and other side

effects which limit its use.  In theory, NMDA receptor antagonists should reduce hyperactivation of the 

indirect pathway in PD, helping to counteract parkinsonian symptoms (Thomas et al., 2004).  In 

support of this, our data presented in Chapter 2 demonstrate that AIMs induced by levodopa and a 

selective D2 receptor agonist (quinpirole) can be suppressed by MK-801, while AIMs elicited by the 

selective D1 receptor agonist SKF81297 were not significantly reduced by MK-801 in the 6-OHDA 

lesioned preclinical rat model of LID (Flores et al., 2014).



38

1.3.2 Opioid neurotransmission in PD and LID

The opioid neurotransmission system is prominent in the basal ganglia.  Endogenous opioid peptides 

and their precursors are expressed within the basal ganglia, where they are modulators of GABA, DA, 

and glutamate neurotransmission.  Furthermore, all three opioid receptor subtypes—μ, δ, and κ—are 

expressed with a high density in the striatum, and are co-localized on GABAergic MSNs and are also 

expressed in nuclei receiving input from the striatum (Fox & Brotchie, 2011).  Of particular 

importance, striatal GABAergic MSNs are segregated according to their differential expression of 

opioid peptide co-transmitters.  Specifically, the D2 receptor-expressing indirect striatopallidal 

projection neurons co-express enkephalins (Leu- and Met-) derived from the precursor pre-

proenkephalin A (PPE-A), which preferentially bind and activate δ-opioid receptors, whereas the D1 

receptor-expressing direct striatonigral projection neurons co-express dynorphin and opioid peptides 

derived from pre-proenkephalin B (PPE-B); dynorphin, in particular, predominantly activates κ 

receptors (Breslin et al., 1993; Cuello & Paxinos, 1978; Gerfen et al., 1990; Gerfen & Young, 1988; 

Seizinger et al., 1984).  

PD and LID are both associated with alterations in mRNA and peptide levels of the opioid 

peptide precursors preproenkephalin-A (PPE-A) and preproenkephalin-B (PPE-B) (Fox & Brotchie, 

2011; Huot et al., 2013).  Although opioid drugs have not translated into therapies for PD nor LID, 

further study of the opioid system in PD and LID may reveal novel drug candidates and/or therapeutic 

targets for these disorders.  Here, we investigated the potential of two opioid compounds in preclinical 

rodent models of PD and LID.  First, we investigated the mixed δ/μ-activating glycopeptide MMP-

2200 (lactomorphin) in behavioral paradigms related to LID (Chapter 3).  Then, in another study, we 

tested the κ-selective opioid receptor antagonist nor-BNI in LID-prevention and PD functional-

restoration paradigms (Chapter 4).
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In the basal ganglia, regulation of opioid peptides is closely associated with regulation of 

dopamine transmission (Breslin et al., 1993; Cuello & Paxinos, 1978; Gerfen et al., 1990; Seizinger et 

al., 1984), however, the role played by altered opioid transmission in PD (compensatory vs. 

pathological) has not been resolved (Fox et al., 2006; Fox & Brotchie, 2011; Sgroi & Tonini, 2018).  In 

response to DA depletion, striatal PPE-A mRNA and enkephalin peptide levels are upregulated (Cenci 

et al., 1998; Gerfen et al., 1990; Herrero et al., 1995; Nisbet et al., 1995; Sgroi et al., 2016), while 

striatal PPE-B mRNA and dynorphin are downregulated (Aubert et al., 2007; Cenci et al., 1998; Gerfen

et al., 1990; Sgroi et al., 2016; Tel et al., 2002).  Furthermore, PPE-A mRNA precedes the appearance 

of PD motor deficits in MPTP treated nonhuman primates, which also supports a compensatory role 

(Aubert et al., 2007).  In theory, activation of DORs expressed presynaptically in the GPe by 

enkephalin would atenuate the hyperactivation of the indirect output pathway in PD.  In support of this 

idea, DOR agonists have shown antiparkinsonian actions in other preclinical studies (Hille et al., 2001; 

Hudzik et al., 2000).

In contrast, following chronic levodopa therapy, levels of PPE-A remain upregulated both in 

animal models (Westin et al., 2001) and in patients with LID (Calon et al., 2003), which indicates a 

persistent adaptive role for enkephalin in LID (Tamim et al., 2010).  Levels of PPE-B, on the other 

hand, are reversed and upregulated following chronic levodopa therapy (Sgroi et al., 2016; Tamim et 

al., 2010; Westin et al., 2001).  Furthermore, positron emission tomography (PET) studies have 

revealed abnormalities in opioid receptors related to enhanced opioid transmission in the striatum of 

patients with LID (Piccini et al., 1997), suggesting that increased opioid neurotransmission may be 

associated with the pathophysiology of LID.  
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Figure 4. Alterations in the expression of opioid peptides and their precursors are 

observed in Parkinson's disease and levodopa-induced dyskinesia. In the Parkinson’s 

disease dopamine-depleted state (left), PPE-A mRNAs and enkephalin precursors are 

upregulated, while PPE-B and dynorphin are downregulated.  Following chronic levodopa-

therapy (right), levels of PPE-A are further upregulated, while levels of PPE-B are reversed 

and upregulated.  PPE-A and enkephalins are expressed by striatal neurons and within nuclei

of the indirect output pathway, while PPE-B and dynorphin are expressed by striatal neurons 

and within nuclei in the direct output pathway.

1.3.3 Kappa-opioid neurotransmission in PD and LID

Several lines of evidence suggest that κ-mediated signaling is overactive in LID.  In the 6-OHDA rat 

model of LID, the severity of AIMs correlates strongly with striatal PPE-B mRNA levels (Cenci, Lee, 

& Björklund, 1998).  Another study, showed that striatal PPE-B mRNA levels were increased in both 

MPTP-lesioned macaques and PD patients with LID (Henry et al., 2003).  Other studies have shown 

that striatal levels of dynorphin are positively correlated with LID (Sgroi, Capper-Loup, Paganetti, & 

Kaelin-Lang, 2016).  Additionally, MALDI-TOF imaging mass spectrometry showed that levels of 
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dynorphin B and alpha-neoendorphin in the substantia nigra are strongly correlated with the severity of 

AIMs in the 6-OHDA rat model of LID (Ljungdahl et al., 2011).  Furthermore, [35S]GTPγS binding 

indicated hyperactive κ-mediated signaling in the caudate nucleus and motor cortex in a nonhuman 

primate model of LID (Chen et al., 2005).

With regard to κ-opioid receptors, Aubert et al. (2007) found that they were unaltered in MPTP-

lesioned primates, but that their expression was reduced in the GPe and GPi following chronic L-

DOPA treatment.  In contrast, KOR expression was decreased in the striatum and substantia nigra, but 

unaltered in the GP, of 6-OHDA-lesioned rats that expressed AIMs in response to L-DOPA compared 

with non-dyskinetic animals (Johansson et al., 2001).

Despite this evidence, antagonizing κ receptors with nor-BNI failed to reduce LID in primates 

(Henry et al., 2001). Furthermore, activation of κ receptors with the selective κ-receptor agonist U50-

488 reduced AIMs in the 6-OHDA rat model of LID and dyskinesia in MPTP-lesioned squirrel 

monkeys (Cox et al., 2007).  The current project proposes to evaluate nor-BNI in the 6-OHDA lesion 

rat model of LID, which to our knowledge, has never been done. Differences in alterations in κ-

neurotransmission exist between the 6-OHDA rat and nonhuman primate models of LID; therefore, 

although nor-BNI failed to reduce LID in nonhuman primates, it may prove to have antidyskinetic 

efficacy in the 6-OHDA rat model of LID, and the results of this study would fill an important gap in 

the primary literature. 

Kappa-mediated signaling in stress, addiction, and dopamine modulation

KORs play an important role in modulating mood, stress and addiction. It was found that the dysphoric 

component of stress is encoded by activation of κ-opioid receptors (Land et al., 2008) and that κ-

receptor agonists induce dysphoric and aversive states (Xuei et al., 2006) and are potentiators for drug-
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seeking behavior (Beardsley et al., 2005; Redila & Chavkin, 2008).  It is thought that one component of

this dysphoria is a KOR mediated reduction in dopamine levels in the reward circuit, which gives rise 

to a negative affective state (Chefer et al., 2005; Shippenberg et al., 2006; Spanagel et al., 1994).  It is 

thought that this KOR-dependent reduction in dopamine occurs via the action of dynorphin at 

presynaptic KORs in the striatum.  Because, motor symptoms of PD are caused by depleted levels of 

striatal DA, we hypothesize that nor-BNI, as a KOR antagonist, could potentially elevate levels of 

striatal DA, at least transiently, thus restoring motor functionality to 6-OHDA lesioned animals. 

KOR agonists were recently evaluated for their therapeutic potential in the treatment of 

addiction (Hasebe et al., 2004). It is thought that dynorphin, the endogenous ligand for KORs, is a 

natural addiction control mechanism (Frankel et al., 2008); it has been hypothesized that the dynorphin/

KOR system mediates withdrawal-induced dysphoria and/or stress-induced dysphoria.  The KOR 

activates p38, a mitogen-activated protein kinase (MAPK), through phosphorylation and that activation

of p38 is necessary to produce KOR-dependent behaviors (Bruchas et al., 2007).

1.4 The 6-hydroxydopamine rodent model of PD

6-hydroxydopamine (6-OHDA or oxidopamine) was the first neurotoxin used to create an animal 

model of PD through selective degeneration of nigral dopaminergic neurons projecting to the striatum 

(Ungerstedt, 1968).  It has been used extensively both in vitro and in vivo to study degeneration of 

dopaminergic neurons.  Models using hemiparkinsonian rodents unilaterally lesioned with 6-OHDA 

have been instrumental in providing an understanding of the mechanisms of established therapies 

which reverse PD motor deficits, and continue to be widely used for preclinical studies evaluating the 

effects novel pharmacological compounds or other experimental therapies.  
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The 6-OHDA rodent models most commonly rely on the acute induction of unilateral 

degeneration of nigrostriatal dopaminergic afferents, which in turn give rise to a hemiparkinsonian 

behavioral syndrome.  Pre- and post-synaptic alterations accompanying dopaminergic denervation can 

then be taken advantage of to induce a distinctive turning behaviors that are quantifiable and highly 

correlated with the severity of the lesion.  Turning is induced using either drugs that induce presynaptic 

DA release, most commonly amphetamine, or that stimulate DA receptors postsynaptically, such as the 

non-selective DA receptor agonist apomorphine, or by administration of L-DOPA.  The latter 

approaches rely on the activation of signaling pathways downstream of DA receptors that have 

developed hypersensitivity of signaling in order to compensate for the loss of dopaminergic input.  As a

result of the decussation of descending motor control, hemiparkinsonian animals will turn 

contralaterally to the hemisphere in which DA signaling is stronger; that is, they will turn ipsiversively 

to the side of the lesion following administration of drugs that stimulate presynaptic DA release and 

contralaterally following administration of drugs that stimulate DA receptors postsynaptically (e.g., L-

DOPA or dopamine agonists) (Hefti et al., 1980; Iancu et al., 2005; Ungerstedt, 1976).  Other common 

behavioral analyses used to measure asymmetric motor impairment include the cylinder test, which is a

measure of forelimb preference, or the forelimb-adjusting steps test (FAST), a measure of forelimb 

akinesia.  The unilateral 6-OHDA lesion paradigm has the added advantage of providing an internal 

control in the unaffected contralateral hemisphere for comparative tissue analysis.  

Structurally, 6-OHDA is a dopamine analog whose structure is identical to dopamine with the 

exception that it possesses an additional aromatic hydroxyl group.  Its structural resemblance to DA 

allows it to be efficiently taken up by neurons expressing either the dopamine reuptake transporters 

(DAT) or norepinephrine reuptake transporters; therefore, its toxicity is selective for monoaminergic 
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neurons (Luthman et al., 1989).  Selective targeting of dopaminergic neurons is therefore accomplished

by co-administration of desipramine, an inhibitor of the norepinephrine reuptake transporter.  

The toxicity mechanism of 6-OHDA is thought to be related to oxidative stress, 6-OHDA 

rapidly reacts with oxygen to form reactive oxygen species (ROS) such as superoxide and hydrogen 

peroxide.  Like DA, 6-OHDA is unable to cross the blood-brain-barrier (BBB); therefore, it must be 

delivered intracerebrally.  This is usually performed stereotaxically using a microinjector to infuse the 

toxin.  To induce selective degeneration of nigrostriatal dopaminergic pathway. requires that that 6-

OHDA be delivered directly into nigrostriatal system, targeting either 1) the substantia nigra, 2) the 

medial forebrain bundle, or into 3) the striatum, where it is taken up into dopaminergic axon terminals. 

When injected into the striatum, 6-OHDA causes a more progressive degeneration that occurrs over the

course of weeks (Przedbroski et al., 1995; Sauer & Oertel, 1994).

Inducing selective degeneration of nigrostriatal dopaminergic pathway requires that 6-OHDA 

be delivered directly into the nigrostriatal pathway, usually targeting either the medial forebrain bundle 

(MFB) or the SNpc, or the striatum, where it is taken up into DAergic axons and axon terminals (Dauer

& Przedborski, 2003).  After administration into the MFB or SN, degeneration occurs rapidly, over the 

span of hours to days, and leads to a virtually complete degeneration of the nigrostriatal pathway that 

progresses in an anterograde manner (Jeon et al., 1995).  By contrast, when injected into the striatum, 

6-OHDA causes partial degeneration that progresses in a retrograde manner over the course of several 

weeks (Berger et al., 1991; Kirik et al., 1998; Przedbroski et al., 1995; Sauer & Oertel, 1994)but is 

complete by 4 weeks (Shimohama et al., 2003).  

The MFB is a diffuse bundle of axons, consisting of both ascending and descending fibers, that 

runs between the lateral hypothalamus and the mesencephalon.  The dopaminergic neurons in the 

midbrain of the rat are located in three groups: A8 cells in the retrorubral field, A9 cells in SNpc, and 
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A10 cells in the VTA (German & Manaye, 1993).  In rats, the MFB includes ipsilaterally ascending 

fibers A10 and A9 dopaminergic neurons (Gerfen, 1992; Marley et al., 1982; Nieuwenhuys et al., 1982;

Venero et al., 2002; Yeomans et al., 1988).  It has been shown that 6-OHDA toxicity differentially 

affects A9 and A10 neurons; in particular, A9 neurons in SNpc are much more susceptible to 

degeneration than A10 neurons following administration of 6-OHDA into either the MFB or the 

striatum (Grant & Clarke, 2002; Healy-Stoffel et al., 2014; Kirik et al., 1998; Przedbroski et al., 1995). 

The relative levels of cell loss in the SNpc and VTA depend on a number of parameters including locus 

of 6-OHDA delivery, number of injection sites, and 6-OHDA dose and infusion volume.  For example, 

intrastriatal 6-OHDA lesions are associated with very minimal cell loss in the VTA, which is non-

progressive (Kirik et al., 1998).

1.5 The 6-OHDA model of LID

When administered to rats that have been unilaterally lesioned with 6-OHDA, chronic treatment with 

L-DOPA causes a gradual development of abnormal involuntary movements (AIMs) that are 

considered behavioral correlates of clinical LID.  AIMs refer to those that affect the forelimb 

contralateral to the lesion, the trunk (in the form of torsion contralateral to the lesion) and the orofacial 

musculature (Cenci et al., 1998; Lee et al., 2000; Lundblad et al., 2002; Winkler et al, 2002).  AIMs can

be quantified on the basis of their topographical distribution, amplitude and duration.  Cenci et al. 

(1998) developed a scoring scale that is commonly used to assess the severity of AIMs in this 

experimental paradigm that closely reflects the criteria that are used assess LID clinically.  L-DOPA-

induced AIMs in the 6-OHDA rat model also have the same time course as peak-dose dyskinesia in PD 

and, like the human disorder, they disrupt physiological motor activities (Lee et al., 2000; Lundblad et 

al., 2002; Winkler et al., 2002).  
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The development of L-DOPA-induced AIMs is associated with altered expression of the same 

molecular correlates of LID in non-human primates. These correlates include striatal upregulation of 

opioid messenger RNAs  (Cenci et al., 1998) and ΔFosB-like transcription factors (Andersson et al., 

1999) and changes in opioid-receptor binding within the basal ganglia and related cortical areas 

(Johansson et al., 2001; Piccini et al., 1997).  Drugs with reported antidyskinetic efficacy in Parkinson's

disease, such as amantadine also reduce the severity of L-DOPA-induced abnormal involuntary 

movements in the rat (Lundblad et al., 2002). 

1.5.1 Limitations of the 6-OHDA rat model of LID

The appropriateness of utilizing contralateral turning in 6-OHDA lesioned rats as a preclinical correlate

of LID has been called into question (Bezard et al., 2001; Blanchet et al., 1998; Chase, 1998; Papa & 

Chase, 1996).  One important criticism of this model is that choreiform and dystonic AIMs of the limb, 

axial, and orolingual subtypes, which are considered true behavioral correlates of clinically-observed 

LID, do not correlate with contraversive rotations (i.e., locomotor AIMs).  Hypersensitization to 

turning is thought to be a result of asymmetric DA denervation associated with the unilateral 6-OHDA 

lesion model, rather than a correlate of clinical LID, although many PD patients do develop the disease 

asymmetrically.  The non-correlation of LAO and locomotor AIMs is further evidenced by the fact that 

administration of bromocriptine, a selective agonist of D2 receptors, causes pronounced contraversive 

rotation without induction of LAO AIMs (Lundblad et al., 2002).  Furthermore, chronic L-DOPA 

treatment also induces AIMs in rats with bilateral 6-OHDA lesions that show no propensity for 

hypersensitization to turning; AIMs develop bilaterally in this paradigm (Lundblad et al., 2002; 

Winkler et al., 2002). 
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Abstract

Dopamine-replacement therapy with L-DOPA is still the gold standard treatment for Parkinson’s 

disease (PD). One drawback is the common development of L-DOPA-induced dyskinesia (LID) in 

patients, which can be as disabling as the disease itself. There is no satisfactory adjunct therapy 

available. Glutamatergic transmission in the basal ganglia circuitry has been shown to be an important 

player in the development of LID. The N-methyl-d-aspartate (NMDA) receptor antagonist MK-801 has

previously been shown to reduce L-DOPA-induced abnormal involuntary movements (AIMs) in a rat 

preclinical model but only at concentrations that worsen parkinsonism. We investigated the 

contribution of the direct and indirect striatofugal pathways to these effects. In the direct pathway, 

dopamine D1 receptors (D1R) are expressed, whereas in the indirect pathway, dopamine D2 receptors 

(D2R) are expressed. We used the 6-hydroxydopamine-lesioned hemi-parkinsonian rat model initially 

primed with L-DOPA to induce dyskinesia. When the rats were then primed and probed with the D1R 

agonist SKF81297, co-injection of MK-801 worsened the D1R-induced limb, axial, and orolingual 

(LAO) AIMs by 18% (predominantly dystonic axial AIMs) but did not aggravate parkinsonian 

hypokinesia as reflected by a surrogate measure of ipsiversive rotations in this model. In contrast, when

the rats were then primed and probed with the D2R agonist quinpirole, co-injection of MK-801 reduced

D2R-induced LAO AIMs by 89% while inducing ipsiversive rotations. The data show that only 

inhibition of the indirect striatopallidal pathway is sufficient for the full anti-dyskinetic/pro-

parkinsonian effects of the NMDA receptor antagonist MK-801, and that MK-801 modestly worsens 

dyskinesias that are due to activation of the direct striatonigral pathway alone. This differential 

activation of the glutamatergic systems in D1R- and D2R-mediated responses is relevant to current 

therapy for PD which generally includes a mixture of dopamine agonists and L-DOPA.
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2.1 Introduction

Parkinson’s disease (PD) is a prevalent neurodegenerative disease characterized by a hypokinetic 

movement disorder with symptoms of tremor, rigidity, and bradykinesia (Olanow et al., 2009).  These 

motor symptoms correspond to the loss of dopaminergic neurons with cell bodies located in the 

substantia nigra and axonal projections to the striatum.  The most common treatment for PD consists of

dopamine (DA) replacement therapy utilizing either the DA precursor L-DOPA or DA receptor 

agonists. These therapies become unsatisfactory as the disease progresses due to a variety of short-term

and long-term side effects that occur with dose escalation, including LID. Therefore, there is an urgent 

need to develop non-dopaminergic therapies (Fox et al., 2008) or adjunctive therapies that can directly 

block dyskinesia while not worsening the cardinal Parkinson motor symptoms.

There is evidence that the glutamatergic system contributes to the development of LID, 

although the underlying mechanisms are not completely understood. Glutamate activates two different 

types of receptors widely expressed in the brain, including the basal ganglia; (1) the metabotropic 

glutamate receptors (mGluRs) involved in slow synaptic transmission and (2) the ionotropic glutamate 

receptors (iGluRs) involved in fast synaptic transmission (Greengard, 2001).  Imaging data marking 

activated N-methyl-d-aspartate (NMDA) receptors, suggest that L-DOPA administration leads to 

elevated NMDA receptor activity in the caudate, putamen, and precentral cortex in PD patients with 

LID, but not in those without LID (Ahmed et al., 2011).  Binding studies in human postmortem tissue 

demonstrated that levels of the NR1/NR2B NMDA receptor are increased in the putamen of PD 

patients with LID compared to those without LID (Calon et al., 2002).  The non-competitive NMDA 

receptor antagonist MK-801 has been shown to reduce L-DOPA-induced abnormal involuntary 

movements (AIMs) in a rat model of LID but only at concentrations that worsen parkinsonism 

(Paquette et al., 2010); however, the separate contributions of the two major striatofugal pathways to 
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this effect have not been investigated. In the direct striatonigral pathway, D1Rs are expressed, whereas 

in the indirect striatopallidal pathway, D2Rs are expressed (Gerfen & Surmeier, 2011).  DA agonists 

with activity at D1R and D2R have been reported to produce dyskinesias with similar incidence and 

severity to L-DOPA (Taylor et al., 2006), but those depend solely on postsynaptic mechanisms since 

these drugs do not induce any DA release.  

In the current study we utilized a preclinical rat LID model first established by Cenci’s group 

(Dekundy et al., 2007), modified by Paquette et al., 2010, and we investigated the effect of MK-801 on 

dyskinesias either induced by a direct pathway-specific D1R agonist or an indirect pathway-specific 

D2R agonist.

2.2 Material and methods

2.2.1 Animals

Male Sprague-Dawley rats (250 g; Charles River, Wilmington, MA), were used and housed in a 

temperature and humidity controlled room with 12 h reversed light/dark cycles with food and water 

available ad libitum.  All animals were treated as approved by the Institutional Animal Care and Use 

Committee at the University of Arizona and in accordance with the NIH Guidelines for the Care and 

Use of Laboratory Animals. Both the number of animals used and their suffering were minimized.

2.2.2 The unilateral 6-hydroxydopamine (6-OHDA)-lesion rat PD model

Animals were injected with 20 μg of freshly prepared 6-OHDA hydrochloride (5.0 μg/μl in 0.9% sterile

saline with 0.02% ascorbic acid; Sigma-Aldrich, St. Louis, MO) into 2 locations (10 μg per site) in the 
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medial forebrain bundle (MFB) at coordinates: AP −2.8, ML −1.8, DV −8.0 and AP −4.7, ML −1.5, DV

−7.9 (Paxinos and Watson, 1997).  The rate of injection was 0.5 μl/min using a Stoelting microinjector 

(Stoelting Co., Wood Dale, IL).  The Hamilton syringe was left in place for 5 additional minutes to 

prevent backflow of solution.  Rats were pretreated (30 min prior to 6-OHDA) with 12.5 mg/kg 

desipramine (Sigma-Aldrich) given intraperitoneally (i.p.) to prevent damage to noradrenergic neurons.

2.2.3 Induction of LID in unilateral lesioned rats

1) Two weeks after surgery, the unilateral 6-OHDA-lesioned rats were injected with d-amphetamine 

(5.0 mg/kg, i.p.; Sigma-Aldrich) to induce asymmetrical DA release. The number of ipsiversive 

rotations during 1 min intervals every 5 min was counted for a total of 60 min. 2) Rats with 

≥4 rotations/min were selected and treated for 3 weeks with 7 mg/kg L-DOPA (with 14 mg/kg 

benserazide, both i.p.; Sigma–Aldrich).

2.2.4 Behavioral analysis in the LID rat model

L-DOPA-, D1R- and D2R-induced AIMs were scored by an experimentally blinded investigator 

(Dekundy et al., 2007) with a minimum of 3 days between testing sessions.  Drugs were tested once in 

a within-subjects crossover design of drugs and own vehicle for each condition (only 

SKF81297 + MK-801 condition was repeated to confirm the modest effect).  In order to quantify the 

severity of the AIMs, rats were observed individually during their night, in their standard cages every 

20th min at 20–180 min after an injection of L-DOPA.  As described in the literature (Paquette et al., 

2010), AIMs were classified into four subtypes: (1) limb; (2) axial; (3) orolingual; (4) locomotor, and 

each was scored on a severity scale from 0 to 4. The sums of AIMs scores per testing session were used
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for statistical analyses. Drugs: SKF81297; quinpirole; SCH23390; eticlopride (Tocris Bioscience/R&D 

Systems, Inc., Minneapolis, MN); MK-801 hydrogen maleate (Sigma–Aldrich); all dissolved in 0.9% 

sterile saline (irrigation-USP; VWR, Brisbane, CA). MK-801 was injected i.p. 20 min prior to other 

drugs.

2.2.5 Measurement of striatal dopamine and serotonin content

Rat brains were washed in chilled Tris buffer (pH 7.4, 15 mM Tris, 125 mM NaCl, 2.5 mM KCl, 2 mM

CaCl2) for 30 s and placed in a chilled brain block. Coronal brain slices were collected and a 2 mm 

steel biopsy punch was used to sample tissue from the striatum. Samples from left and right 

hemispheres were collected and immediately flash frozen on an aluminum pan at −70 °C. Samples 

massed at 2.5 ± 0.5 mg, were placed in 1.5 mL homogenization vials with 100 μL of 0.1 N HClO4 (aq),

manually homogenized (15 strokes) using a disposable pestle and stored at −80 °C for up to 2 weeks 

prior to analysis. High performance liquid chromatography with electrochemical detection (HPLC-EC) 

was used to separate and quantify DA, 3,4-dihydroxyphenylacetic acid, serotonin, and 5-

hydroxyindoleacetic acid (Mefford et al., 1980).

2.2.6 Western analysis of striatal tyrosine hydroxylase (TH) content

After the tissue punch, described above, the remaining striata from left and right hemispheres were 

immediately flash frozen and stored at −80 °C. Total protein was prepared by homogenizing (BBX24-

CE Bullet Blender homogenizer, Next Advance, Inc., Averill Park, NY) striatal tissue in lysis buffer. 
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Semi-quantitative western analysis was conducted as described (Yue et al., 2014).  10 μg of protein was

loaded for each sample to measure TH and β-Actin as internal control.

2.2.7 Data analysis

Statistical analysis was performed using GraphPad Prism 5.1 software (GraphPad Software, Inc., La 

Jolla, CA), in Origin 9.0 and Microsoft Excel 2013.  Differences between each drug treatment and its 

own vehicle in the behavioral analysis were assessed using two-tailed paired Student’s t-tests.  The null

hypothesis was rejected when p < 0.05.

2.3 Results

2.3.1 Establishing the levodopa-induced dyskinesia rat model

We injected 6-OHDA unilaterally into the MFB of 15 rats and measured the development of a lesion 

with amphetamine-induced rotational tests 2 weeks post-surgery.  For the LID model, we chose 9 rats 

that showed an average of a minimum of 4 ipsiversive rotations/min.  These rats showed significant 

ipsiversive rotations (5.7 ± 0.3 ipsiversive rotations/min, mean ± SEM; n = 9), at a rate that has been 

shown previously to correspond with >90% destruction of dopaminergic neurons (Dekundy et al., 

2007).  The lesioned rats were treated with L-DOPA (7 mg/kg) daily for 3 weeks; all 9 developed 

significant L-DOPA-induced AIMs and were chosen for the experiment.  At the end of the experiments,

the severity of the dopaminergic denervation was measured.  Compared to the non-lesioned side there 

was a 90% depletion of striatal DA content evident in the lesioned side whereas the levels of serotonin 

remained unchanged, as determined by HPLC-EC analysis (data not shown).  The striatal TH content, 
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determined by semi-quantitative western analysis, was also reduced by 90% on the lesioned side, 

indicating a similar loss of dopaminergic terminals (data not shown).  The L-DOPA-induced AIMs in 3 

separate testing sessions (3–4 days apart) after the 21 days of priming are shown in Fig. 1 A,B.  All 4 

subtypes of AIMs were present in the animals.

2.3.2 MK-801 worsens D1-receptor-induced LAO AIMs while not affecting rotational 
behavior

Next the rats were primed 3 times (3–4 days apart) with the D1R agonist SKF81297 (0.8 mg/kg, s.c.) as

shown in Fig. 2. Both LAO AIMs (Fig. 2A) and locomotor AIMs (Fig. 2B) were elicited by SKF81297.

These could be completely blocked by the D1R antagonist SCH23390 at 1 mg/kg, i.p. (Fig. 2C,D).  Co-

injection of MK-801 (0.3 mg/kg, i.p.) led to a significant increase of the D1R-induced LAO AIMs by 

18% (Fig. 2E), while not inducing any ipsiversive rotations (Fig. 2F).  The time course shows that the 

effect of MK-801 lasted throughout the time SKF81297 elicited AIMs (data not shown).  Specifically, 

the 9.5% increase in choreiform limb AIMs and the 33% increase in the orolingual AIMs after MK-801

did not reach significant levels (Fig. 2G), while MK-801 significantly increased dystonic axial AIMs by

33% (Fig. 2H).

2.3.3 MK-801 blocks D2-receptor-induced LAO and locomotor AIMs

Next, the rats were primed 3 times (3–4 days apart) with the D2R agonist quinpirole (0.2 mg/kg, i.p.) as

shown in Fig. 3.  Both LAO AIMs (Fig. 3A) and locomotor AIMs (Fig. 3B) were elicited by quinpirole.

These could be completely blocked by the D2R antagonist eticlopride at 0.1 mg/kg, i.p. (Fig. 3C,D). 

Co-injection of MK-801 (0.3 mg/kg, i.p.) led to a significant reduction of D2R-induced LAO AIMs by 
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89% (Fig. 3E), while also inducing ipsiversive rotations (Fig. 3F), similar to what has been shown 

previously for MK-801 in rats primed and probed with L-DOPA alone (Paquette et al., 2010).  The time

course did show that the effect of MK-801 lasted throughout the 3 h recording period for both measures

(data not shown). Specifically, MK-801 significantly reduced choreiform limb, orolingual and dystonic 

axial AIMs by 84%, 97.5% and 72% respectively (Fig. 3G and H).

2.4 Discussion

In this study we investigated the contribution of the direct and indirect striatofugal pathways to the anti-

dyskinetic and pro-parkinsonian effects of the NDMA receptor antagonist MK-801.  MK-801 has 

previously been shown to effectively block LIDs in a rat preclinical model but only at a dose that also 

worsens the parkinsonian behavior (Paquette et al., 2010).  Here, we show that MK-801 affects AIMs 

in unilaterally-lesioned dyskinetic rats differentially when separately activating the two basal ganglia 

pathways.  AIMs elicited by a D2R-specific agonist, inhibiting the indirect striatopallidal pathway, 

were effectively blocked by MK-801, whereas the AIMs due to a D1R-specific agonist, activating the 

direct striatonigral pathway, were moderately worsened.  The worsening effect size is small, but it is 

important to point out that with the paradigm used the rats displayed very severe dyskinesias already 

(>50 total LAO AIMs), indicating a potential ceiling effect.

The anti-dyskinetic activity of the current clinically used compound amantadine is partially 

dependent on its weak NMDA receptor antagonism (Paquette et al., 2012), and it is known to reduce L-

DOPA-induced AIMs in rodents (Kobylecki et al., 2011; Paquette et al., 2012).  Amantadine has 

recently been shown to mildly reduce D2R-induced AIMs by 40% while having no effect at all on 

D1R-induced AIMs (Kobylecki et al., 2011) in the rat LID model.  Here we show that the strong non-
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competitive NMDA receptor antagonist MK-801 not only fails to reduce D1R-induced AIMs, as 

amantadine does, but actually significantly increases these AIMs by 18%.  In contrast, we found that 

MK-801 still potently inhibits the D2R-induced AIMs by 89%, which is much more pronounced than 

the effect of amantadine in this paradigm.  These data are in agreement with MK-801 being a stronger 

NMDA receptor antagonist and show that blocking NMDA receptors modestly worsened dyskinesias 

that are due to D1R activation.  In line with our results are data showing that intrastriatal infusion of 

MK-801 failed to inhibit D1R-mediated induction of motor activity in DA-depleted animals (Campbell 

et al., 2006).  The differential effects of this strong NMDA receptor antagonist are in contrast to the 

effects on the basal ganglia pathways of a serotonin 1A receptor antagonist that reduces AIMs induced 

by L-DOPA, D1R, or D2R agonists (Dupre et al., 2007).  Interestingly, in this case L-DOPA-induced 

rotations were reduced, D1R-induced rotations were increased, and D2R-induced rotations remained 

unchanged.  A serotonin 2A receptor antagonist, on the other hand, does not reduce L-DOPA-induced 

AIMs but reduces D1R-induced rotations (Taylor et al., 2006),

Unilateral 6-OHDA-lesions of the MFB, irrespective of the priming drug (L-DOPA or 

SKF81297), led to a reduction of basal levels of striatal glutamate when compared to sham-lesioned 

primed rats (Dupre et al., 2011), while high dose L-DOPA administration (25 and 100 mg/kg) in hemi-

parkinsonian rats has been shown to enhance striatal glutamate levels (Jonkers et al., 2002; Robelet et 

al., 2004).  Our data complement a study that showed L-DOPA treatment produces a moderate 

augmentation of glutamate levels in the DA-depleted striatum, whereas the D1R agonist SKF81297 did

not, also suggesting that enhancement of extracellular striatal glutamate may be important for the 

expression of LID and not necessarily D1R-mediated dyskinesia (Dupre et al., 2011).  Similar to that 

study, we detected similar severities of LAO AIMs produced by L-DOPA, SKF81297, and quinpirole, 

with differences in pharmacokinetics and with both L-DOPA’s and especially quinpirole’s effects 
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lasting longer than SKF81297.  The differences in the elicited total locomotor AIMs between L-DOPA 

(5–7 locomotor AIMs), and the agonists (12–15 locomotor AIMs) can be attributed to different 

pharmacokinetics of the agonists vs. L-DOPA. SKF81297 has a similar time course as L-DOPA but 

induces more locomotor AIMs per min, whereas quinpirole induces less locomotor AIMs per min but 

for an extended time period, being still fully effective at 180 min, when L-DOPA and SKF81297 are 

not very effective any more.

In a non-human primate model of LID a different competitive NMDA antagonist (LY235959) 

has been shown at a high dose to reduce chorea but exacerbate dystonia (Papa & Chase, 1996).  The 

data from a rodent model presented here indicate that the worsening of the dystonic dyskinesia (axial 

AIMs) by a NMDA antagonist might be driven by effects on the direct pathway, while NMDA 

antagonism reduces choreiform limb, orolingual and dystonic dyskinesias induced solely by inhibiting 

the indirect pathway.

One caveat of this study is that the rats have been sequentially tested with D1R and D2R 

agonists, antagonists and MK-801.  It is known that the effects of some drugs can affect cellular and 

molecular responses for weeks, and repeated administration of MK-801 can lead to behavioral 

sensitization, which could be contributing factors to the effects described.  The fact that there were 

more than 3 weeks between the MK-801 treatments in the D1R and D2R experiments and the double-

dissociation of the MK-801 effects on D1R vs. D2R activation argue against a major impact on the 

acute effect.

MK-801 has been shown to alter the effects of priming on L-DOPA or D1R-induced changes in 

neuropeptide mRNA levels in the striatal output neurons. The increased behavioral responsiveness to a 

D1R agonist after priming with L-DOPA is primarily related to the up-regulation of dynorphin mRNA 

in the DA-depleted striatum (Van De Witte et al., 2002).  Pretreatment with MK-801 has been shown to
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reduce D2R-induced contralateral rotations and ipsilateral striatal Fos expression in 6-OHDA-lesioned 

rats (Pollack & Haisley, 2001).  Changes in indirect pathway neurons might be an important feature of 

the dyskinetic striatum, since the loss of spines and their corticostriatal connections occurs specifically 

in the indirect pathway neurons following DA depletion (Day et al., 2006), and increase in excitability 

seems to be caused by the loss of inhibitory signaling at D2R (Shen et al., 2008).  Direct pathway 

neurons retain a form of long-term depression (LTD) comparable to that seen in untreated parkinsonian 

rats, while long-term potentiation (LTP) at indirect pathway neurons in dyskinetic animals is 

characterized as unstable (Belujon et al., 2010).  These data would be in line with excessive NMDA 

receptor activity in the dyskinetic state playing a more important role in the indirect pathway than in 

the direct pathway.

In conclusion, we show that the strong non-competitive NMDA receptor antagonist MK-801 

leads to modest worsening of D1R-induced dyskinesias, especially dystonic dyskinesias, while 

effectively reducing D2R-induced dyskinesias.  The degree of reduction is of the same magnitude as 

the established reduction of L-DOPA-induced dyskinesias.  These results point to differences in 

glutamatergic regulation of the striatonigral and striatopallidal systems in L-DOPA-induced 

dyskinesias.
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2.6 Figures

Figure 1. Establishing the L-DOPA-induced AIMs model.  After 21 days of L-DOPA-treatment L-

DOPA-induced AIMs were established. (A) The graph shows the mean LAO AIMs (±SEM) at 3 testing

sessions in weeks 3 and 4 post-L-DOPA onset (n = 9). (B) The graph depicts the mean locomotor AIMs

(±SEM) elicited by L-DOPA (n = 7). 
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Figure 2. Establishing the D1R agonist-induced AIMs model.  3 priming sessions with the D1R 

agonist SKF81297 (0.8 mg/kg, s.c.) induce AIMs in rats with established L-DOPA-induced-AIMs. (A) 

Mean LAO AIMs at the 3 priming sessions using SKF81297. (B) Mean locomotor AIMs elicited by 

SKF81297. (C) The D1R agonist-induced LAO AIMs were blocked by the D1R antagonist SCH23390.

(D) The D1R agonist-induced locomotor AIMs were also blocked by the D1R antagonist SCH23390. 

MK-801 (0.3 mg/kg) worsens D1R agonist-induced LAO AIMs. In (E) mean LAO AIMs are shown. 

(F) The graph depicts mean locomotor AIMs, and shows no effect of MK-801 to either block locomotor

AIMS or induce ipsiversive AIMs. In (G and H) mean choreiform limb, orolingual and dystonic axial 

AIMs are depicted separately, showing the effect of MK-801 is predominantly on dystonic AIMs, and 

to lesser extent on orolingual AIMs. All graphs show the mean data ± SEM acquired after injection of 

drugs. Significant differences from vehicle control experiments in the same testing sessions are 

depicted by asterisks, ***p < 0.001, *p < 0.05 (n = 7–9; two-tailed t-tests). 
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Figure 3. Establishing the D2R agonist-induced AIMs model.  3 priming sessions with the D2R 

agonist quinpirole (0.2 mg/kg, i.p.) induce AIMs in rats with established L-DOPA-induced-AIMs. (A) 

LAO AIMs at the 3 priming sessions using. (B) Mean locomotor AIMs elicited by quinpirole. (C) The 

D2R agonist-induced LAO AIMs were blocked by the D2R antagonist eticlopride. (D) The D2R 

agonist-induced locomotor AIMs were also blocked by the D2R antagonist eticlopride. MK-801 

(0.3 mg/kg) blocks D2R agonist-induced AIMs (quinpirole, 0.2 mg/kg, i.p.). In (E) mean LAO AIMs 

are shown. (F) The graph depicts mean locomotor AIMs after quinpirole injection, and shows that MK-

801 induced ipsiversive locomotor AIMs. Mean choreiform limb, orolingual (G) and dystonic axial (H) 

AIMs are depicted separately, showing that all are effectively reduced by MK-801. All graphs show the

mean data ± SEM (n = 7–9) after injection of drugs. Significant differences from vehicle control 

experiments in the same testing sessions are depicted by asterisks, ***p < 0.001, **p < 0.01, *p < 0.05 

(n = 7–9; two-tailed t-tests). 
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Highlights

• The opioid glycopetide MMP-2200 has modest antiparkinsonian activity.

• MMP-2200 reduces dyskinesia induced by activation of D2R-like dopamine receptors.

• The NMDA receptor antagonist MK-801 is anti-dyskinetic, but also pro-parkinsonian.
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• MMP-2200 + MK-801 reduces L-DOPA-induced dyskinesia.

• MMP-2200 does suppress the pro-parkinsonian activity of MK-801.

Abstract

Dopamine (DA)-replacement therapy utilizing levodopa-DOPA is the gold standard symptomatic 

treatment for Parkinson's disease (PD). A critical complication of this therapy is the development of 

levodopa-DOPA-induced dyskinesia (LID). The endogenous opioid peptides, including 

enkephalins and dynorphin, are co-transmitters of dopaminergic, GABAergic, and glutamatergic 

transmission in the direct and indirect striatal output pathways disrupted in PD, and alterations in 

expression levels of these peptides and their precursors have been implicated in LID genesis and 

expression. We have previously shown that the opioid glycopeptide drug MMP-2200 (a.k.a. 

Lactomorphin), a glycosylated derivative of Leu-enkephalin mediates potent behavioral effects in two 

rodent models of striatal DA depletion. In this study, the mixed mu-delta agonist MMP-2200 was 

investigated in standard preclinical rodent models of PD and of LID to evaluate its effects on abnormal 

involuntary movements (AIMs).  MMP-2200 showed antiparkinsonian activity, while increasing L-

DOPA-induced limb, axial, and oral (LAO) AIMs by 10%, and had no effect on∼  dopamine receptor 

1 (D1R)-induced LAO AIMs. In contrast, it markedly reduced dopamine receptor 2 (D2R)-like-induced

LAO AIMs. The locomotor AIMs were reduced by MMP-2200 in all three conditions. The N-methyl-d-

aspartate receptor (NMDAR) antagonist MK-801 has previously been shown to be anti-dyskinetic, but 

only at doses that induce parkinsonism. When MMP-2200 was co-administered with MK-801, MK-

801-induced pro-parkinsonian activity was suppressed, while a robust anti-dyskinetic effect remained. 

In summary, the opioid glycopeptide MMP-2200 reduced AIMs induced by a D2R-like agonist, and 
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MMP-2200 modified the effect of MK-801 to result in a potent reduction of L-DOPA-induced AIMs 

without induction of parkinsonism. 

3.1 Introduction

Parkinson’s disease (PD) is a common neurodegenerative disease characterized by a hypokinetic 

movement disorder with motor symptoms of resting tremor, bradykinesia, muscular rigidity and 

postural instability (Olanow, 2009).  The underlying pathology of PD is associated with chronic, 

progressive degeneration of dopaminergic neurons with cell bodies located in the substantia nigra pars 

compacta (SNpc) and axon terminals projecting to the striatum.  With the degeneration of nigral 

dopaminergic neurons, levels of striatal dopamine (DA) become progressively depleted, thus causing 

an imbalance in the so-called direct and indirect striatal output pathways of the basal ganglia and the 

corresponding development of hypokinetic motor features.  DA replacement strategies relying 

primarily on use of the DA precursor levodopa (L-DOPA), which act to restore striatal levels of DA, 

continue to be the mainstay of treatment for the symptoms of PD.  These therapies become 

unsatisfactory over time, however, due to the need for dose escalation and the development of 

debilitating motor complications including on-off effects and levodopa-induced dyskinesia (LID).  

Therefore, there is an urgent need to develop non-dopaminergic adjunct therapies (Fox et al., 2008; 

Hille et al., 2001) that can modify the course of development of LID and/or directly ameliorate 

established LID.  Although opioid drugs have not currently found utility in the treatment of PD, they 

are known to have a profound influence on motor function and reward behavior by acting as 

metabotropic modulators of DA, GABA, and glutamate neurotransmission.  Furthermore, the striatum 

expresses a high density of both μ- and δ-opioid receptors (Fox et al., 2006).  Striatal medium spiny 
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neurons (MSNs) utilize the opioid peptides including dynorphin and enkephalins as co-transmitters, 

and alterations in levels of these peptides have been consistently observed in PD and LID.  

Striatopallidal projection neurons of the indirect pathway express enkephalins derived from the 

precursor preproenkephalin A (PPE-A, Penk), while the striatonigral neurons of the direct pathway 

express opioid peptides derived from preproenkephalin B (PPE-B, Pdyn) (Cuello & Paxinos, 1978; 

Gerfen, 1990).  Enkephalins are endogenous ligands for  δ-opioid receptors, while opioid peptides 

derived from PPE-B are predominantly endogenous ligands for μ, and κ opioid receptor subtypes  

(Breslin et al., 1993; Seizinger et al., 1984).  In PD following dopamine depletion, striatal levels of 

PPE-A mRNA and enkephalin are upregulated, whereas levels of PPE-B mRNA and dynorphin are 

downregulated (Cenci et al., 1998; Nisbet et al., 1995; Sgroi et al., 2016).  

Following long-term L-DOPA therapy leading to the development of dyskinesia, levels of the 

opioid peptides enkephalin and dynorphin, and mRNAs encoding their precursors are elevated in 

animal models of PD (Cenci et al., 1998; Duty and Brotchie, 1997; Engber et al., 1991; Henry et al., 

1999; Samadi et al., 2006).  Postmortem studies of PD patients with LID, revealed increased expression

of striatal PPE-A (Calon et al., 2002; Nisbet et al., 1995) and PPE-B expression (Henry et al., 2003). 

These alterations suggest that the increased enkephalin transmission could be a mechanism that 

compensates for the downstream consequences for DA depletion in PD. 

Given this background, novel opioid compounds could provide an important non-dopaminergic 

treatment for PD and other movement disorders.  From our perspective, opioid glycopeptides offer 

several advantages over alkaloid-based small molecule compounds, as the likelihood of toxicity and 

side effects due to the production of active metabolites is greatly reduced with glycopeptide-based 

drugs versus alkaloids, as opioid glycopeptides are metabolized merely to di- and tri-peptides, amino 

acids and sugars (Bilsky et al., 2000; Gengo & Chang, 2003; Portoghese et al., 1987), while morphine 

and similar alkaloid-like drugs produce a cascade of toxic metabolites, which vary from individual to 
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individual.  On the other hand, the need for active metabolism can also be a problem, for example, 10%

of patients cannot demethylate codeine, and thus obtain no benefit from the drug (Crews et al., 2014).  

MMP-2200 is a glycosylated derivative of the opioid peptide Leu-enkephalin that has mixed-δ/μ opioid

receptor agonist activity.  The relative activity of MMP-2200 on μ vs. δ opioid receptors is 1:2 (Lowery

et al., 2011).  It has excellent blood-brain barrier penetration following systemic (i.p.) administration as

determined by microdialysis (Mabrouk et al., 2012), reaches the dorsolateral striatum at high levels, 

and has been shown to produce potent behavioral effects on movements related to dopaminergic hyper-

stimulation following striatal dopamine depletion (Yue et al., 2011).  In mouse models of pain MMP-

2200 has reduced liability for addiction-associated behavior compared to morphine (Bilsky et al., 2000;

Elmagbari et al., 2004; Lowery et al., 2011).  In this study, we set out to test if MMP-2200 also has 

anti-dyskinetic properties, using a well-established rodent model of LID that employs quantification of 

limb-axial-oral involuntary movements and dopamine-induced rotational movements.  We also tested 

the combination of MMP-2200 + the N-methyl-d-aspartate receptor (NMDAR) antagonist MK-801, 

based on the hypothesis that activation of the opioid system in the basal ganglia by MMP-2200, as 

demonstrated in prior work (Yue et al., 2011), will lead to downstream activation of the dopaminergic 

system and might reduce the known pro-parkinsonian activity of the anti-dyskinetic drug MK-801 

(Paquette et al., 2010; Flores et al., 2014).

3.2 Materials and methods

3.2.1. Stereotaxic surgery    

Male Sprague-Dawley rats (250 g; Charles River, Wilmington, MA), were used and housed in a 

temperature and humidity-controlled room with 12 hour light/dark cycles with food and water available



94

ad libitum.  All procedures were approved by the Institutional Animal Care and Use Committee at the 

University of Arizona and conformed to the guidelines of the National Institutes of Health, and also 

comply with the ARRIVE guidelines.  The number of animals used and their suffering was minimized.  

Animals were acclimated in the animal facility for 1 week prior to surgery.  1) For the severe unilateral 

6-OHDA lesion, a total volume of 4.0 μL freshly prepared 6-hydroxydopamine hydrobromide solution 

(Sigma-Aldrich, St. Louis, MO; 2.5 μg per 1.0 μL in 0.9% sterile saline with 0.02% ascorbic acid) was 

injected into two locations in the medial forebrain bundle with the following coordinates (AP -2.8 and -

4.7, ML -1.8 and -1.5, D -8.0 and -7.9) according to the atlas of Paxinos & Watson (2017).  Injections 

were carried out at a rate of 1.0 μL per min using a 10 μL syringe and needle (33 gauge, 22 mm, 45° 

tip; Hamilton Company, Reno, NV) with a Stoelting microinjector (Stoelting Co., Wood Dale, IL); the 

needle was left in place post-injection for a further 3 min to prevent any backflow of 6-OHDA solution 

upon withdrawal.  Rats were pretreated 30 min prior to the 6-OHDA infusion with 12.5 mg/kg (i.p.) 

desipramine to prevent uptake of 6-OHDA by noradrenergic neurons.  Following a 2-week period, 

animals were screened for unilateral dopaminergic denervation using the amphetamine-induced 

rotations test. 

  

3.2.2 Amphetamine-induced rotations

To evaluate the severity/extent of DAergic lesions, unilateral 6-OHDA-lesioned rats were injected with 

amphetamine (5.0 mg/kg, i.p.) to induce asymmetrical dopamine release from the SNpc projections to 

the striatum.  For each animal, total ipsiversive rotations were counted for a total of 60 min after the 

injection and the average number rotations per minute were calculated. Two weeks post-surgery, rats 

showing an average of ≥ 4 full rotations per min ipsilateral to the side of the 6-OHDA lesion were 
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selected for further experimentation in the dyskinesia model.  This number of rotations has previously 

been shown to correspond to levels of striatal dopamine depletion > 90% (Dekundy et al., 2007).

3.2.3 Forelimb adjusting steps (FAS) test 

Motor performance and anti-PD activity of L-DOPA was measured using a procedure previously 

described (Chang et al., 1999; Eskow et al., 2007).  A 0.9-meter distance is marked off on a smooth 

table.  The rat is held by the experimenter with one hand supporting, but obstructing movement of the 

hindlimbs.  The hind limbs are then slightly raised off the surface of the table.  The experimenter’s 

second hand is used to support and obstruct the movement of the forelimb not being tested.  The 

forelimb being tested is allowed to touch the table and then moved sideways over the set distance at a 

rate of 0.1 m/s.  The experimenter moves the forelimb first in the backhand direction, followed by the 

forehand.  Each forelimb was tested three times per session.  The number of adjusting steps made in 

each direction and trial was counted to give an average score.  All tests were performed by a blinded 

observer.

3.2.4. L-DOPA-induced AIMs

Severely lesioned rats were primed on L-DOPA (7 mg/kg; with 14 mg/kg benserazide) via once-daily 

injections (i.p.) for 21 consecutive days.  The animals were then injected twice per week thereafter to 

maintain the dyskinetic state.  AIMs were assessed by an observer blind to treatment condition, using 

an adapted version of the Abnormal Involuntary Movement Scale described by Cenci et al. (1998), 

previously described by Paquette et al. (2010).  Each animal was rated on a scale of 0 (absent) to 4 

(most severe) on each of four subscales (limb dyskinesia, axial dystonia, oral dyskinesia, and 

contraversive rotation). Limb, axial, oral, and locomotor type AIMs were based on 1 min observation 
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intervals conducted every 20 min time point for 180 minutes after administration of drugs.  

Specifically, for limb dyskinesia, rating of 1 indicated 1 discrete period of abnormal movement, 2 

indicated 3 or more discrete periods of abnormal movement, and 3-4 indicated continuous abnormal 

movement, with 4 indicating that AIMs could not be interrupted by a loud tap on the test cage.  For 

axial dystonia, a rating of 1 indicated a contralateral bias in head orientation, 2 indicated a contralateral 

bias in head and upper body orientation, and 3-4 indicated a severe contralateral bias in head and upper 

body orientation (i.e., head above the tail in a four-paw stance), with 4 indicating loss of balance (i.e., 

falling).  For oral dyskinesia, a rating of 1 indicated 2-3 bouts of mastication, 2 indicated more than 3 

bouts of mastication, and 3-4 indicated continuous mastication, with 4 indicating the presence tongue 

protrusions.  For L-DOPA-induced contraversive rotation, a rating of 1 indicated 2-3 contraversive 

turns, 2 indicated more than 3 contraversive turns, and 3-4 indicated continuous contraversive rotation, 

with a 4 indicating that these could not be interrupted by a loud tap on the cage.  When ipsiversive 

rotation was observed, this was rated identically to contraversive rotation, except a negative score was 

provided to indicate ipsiversive directionality.  Limb, axial, and oral subscale scores were summed to 

create a composite LAO AIMs score, while Locomotor AIMs scores were considered separately from 

LAO scores.  Total scores for AIMs, as well as for each subscale, were summed over the entire duration

of the experiment (180 minutes). 

3.2.5 Pharmacological treatments and procedure

A within-subjects crossover design was utilized to control for variability between experiments. In this 

design, each experiment consisted of two days of testing, 3-4 days apart.  On the first testing day, half 

of the animals received the experimental treatment while the other half received the vehicle control; on 
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the second testing day, the conditions were reversed.  The assignment of animals to vehicle vs. 

experimental conditions on the first day was randomized.  This experimental paradigm was designed to

control for within-subject variability and to ensure that no progressive changes in the animals’ baseline 

level of AIMs occurs.  An important aspect of our experimental design is that a separate vehicle control

test is performed for each drug and/or drug combination tested.  All drugs were dissolved in 0.9% USP 

grade sterile saline and delivered via intraperitoneal (i.p.) injection at a volume of 1 ml/kg, except for 

SKF81297, which was dissolved in a vehicle mixture of 20% DMSO: 80% saline and was delivered 

subcutaneously (s.c.).  The procedure for the establishment of AIMs induced by the selective dopamine 

receptor agonists was performed in the same manner as described in (Flores et al., 2014).  The novel 

opioid glycopeptide MMP-2200 (N-Tyr-D-Thr-Gly-Phe-Leu-Ser-(O-β-D-lactose)-CONH; a.k.a. 

Lactomorphin; as 1xAcOH salt) is a GMP-compliant material synthesized by UCB Bioproducts, 

Belgium; the structure of MMP-2200 is described in detail in Do Carmo et al. (2008).  L-DOPA 

(levodopa; L-3,4-dihydroxyphenylalanine methyl ester hydrochloride), benserazide hydrochloride (DL-

serine 2-(2,3,4-trihydroxybenzyl) hydrazide hydrochloride) and (+)-MK-801 ((5S,10R)-(+)-5-Methyl-

10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine) hydrogen maleate were purchased from 

Sigma-Aldrich, St. Louis, MO;  the highly selective non-peptide δ-opioid receptor (DOR) antagonist 

naltrindole (17-(Cyclopropylmethyl)-6,7-dehydro-4,5α-epoxy-3,14-dihydroxy-6,7-2',3'-

indolomorphinan hydrochloride), the selective D1R agonist SKF81297 (0.8 mg/kg, s.c.) and the 

selective D2R-D3R agonist quinpirole (0.2 mg/kg, i.p.) were purchased from Tocris Bioscience/R&D 

Systems, Inc., Minneapolis, MN.  Naltrindole (3 mg/kg, i.p.) was administered 10 min prior to 

testing.MMP-2200, SKF81297 (0.8 mg/kg, s.c.) and quinpirole (0.2 mg/kg, i.p.) were administered at 

the beginning (t = 0 min) of testing.  The naltrindole dose was chosen based on our prior work showing

that this dose blocks effects of MMP-2200 in 6-OHDA-lesioned rats (Yue et al., 2011).  MK-801 was 

given 25 min prior to testing.  
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The total study N is 39.  In a first pilot cohort 1 n = 12 animals received unilateral 6-OHDA 

lesions and n = 10 developed a sufficiently severe PD lesion.  The average amphetamine-induced 

rotation counts per min was 5.05 (SEM = 0.05).  These animals were then primed with L-DOPA for 3 

weeks and n = 8 developed LID.  These LID animals were tested for effects of MMP-2200 on L-

DOPA-induced AIMs.  In cohort 2, n = 15 animals received unilateral 6-OHDA lesions, and n = 10 

developed a sufficiently severe PD lesion.  The average amphetamine-induced rotation counts per min 

was 5.89 (SEM = 0.38).  These animals were then primed with L-DOPA for 3 weeks and n = 10 

developed LID.  These were sequentially tested with L-DOPA, MMP-2200, naltrindole, and MK-801, 

followed by the SKF81297 and quinpirole experiments.  In cohort 2, three animals died from unrelated 

causes during these long-term studies over several months, therefore there is only n = 9-10 for the MK-

801 experiments, and n = 7-8 for the SKF81297 and quinpirole experiments.  For the final analysis of 

the effects of MMP-2200 on L-DOPA AIMs, the data from cohort 1 and cohort 2 were combined to 

increase power (n = 17-18).  The three animals in cohorts 1 and 2 that were showing L-DOPA-induced 

LAO AIMs, but did not exhibit any L-DOPA-induced locomotor AIMs to begin with, excluded from 

the analysis of the effects of MMP-2200 on L-DOPA-induced contralateral locomotor AIMs.  In the 

cohort 3, n = 12 animals received unilateral 6-OHDA-lesions, and n=10 developed a sufficiently severe

PD lesion.  The average amphetamine-induced rotation counts per min was 7.3 (SEM = 1.1).  In these 

10 PD animals, MMP-2200 was tested with the FAS test to evaluate anti-parkinsonian activity.  These 

animals were then primed with L-DOPA and n = 7 developed dyskinesia after 3 weeks.  In these 7 LID 

animals the effect of L-DOPA + MMP-2200 + MK-801 on the non-drug induced FAS test was 

evaluated.
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3.2.6 Euthanasia and brain tissue harvest

Rats were sacrificed 1 day after the last dose of drug with Euthasol (0.35 mg/kg, i.p.; Virbac, Fort 

Worth, TX, United States).  For a quantitative measure of the extent of the PD-lesion with our protocol,

for n = 7 animals, the whole brains were extracted and prepped for semi-quantitative western analysis 

of tyrosine hydroxylase (TH) and quantitative DA measurements, as described below in section 2.7.  In 

the preparation for the DA measurement, one sample was not recovered, leading to an n = 6 for that 

analysis.  For the remaining animals, the whole brains were extracted after transcardial perfusion-

fixation with phosphate buffered saline (PBS) followed by cold 4% paraformaldehyde in PBS, and 

further fixed overnight in 4% paraformaldehyde.  Immunohistochemical analysis (IHC) was done for 

visual verification of lesion, as described below in section 2.8. 

3.2.7 DA, serotonin and TH measurements

Rat brains were washed in chilled Tris buffer (pH = 7.4, 15 mM Tris, 125 mM NaCl, 2.5 mM KCl, 2 

mM CaCl2) for 30 s and placed in a chilled brain block.  Coronal brain slices were collected and a 2 

mm steel biopsy punch was used to sample tissue from the striatum.  Samples from left and right 

hemispheres were collected and immediately flash frozen on an aluminum pan at -70 °C.  Samples 

massed at 2.5 ± 0.5 mg, were placed in 1.5 mL homogenization vials with 100  μL of 0.1 N HClO4 (aq),

manually homogenized (15 strokes) using a disposable pestle and stored at -80 °C for up to 2 weeks 

prior to analysis.  High performance liquid chromatography with electrochemical detection (HPLC-EC)

was used to separate and quantify DA, 3,4-dihydroxyphenylacetic acid (DOPAC), serotonin, and 5-

hydroxyindoleacetic acid (5-HIAA), per established protocol (Mefford et al., 1980).  After the tissue 

punch, described above, the remaining striata from left and right hemispheres were immediately flash 

frozen and stored at −80 °C.  Total protein was prepared by homogenizing and semi-quantitative 
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western analysis of striatal tyrosine hydroxylase (TH) content was conducted as described to quantify 

the extent of the 6-OHDA-lesion (Flores et al., 2014).  10 μg of protein was loaded for each sample to 

measure TH and β-Actin as internal control.

3.2.8 Immunohistochemical staining

The IHC analysis was performed as described in detail in prior work (Yue et al., 2011).  40 μm sections

yielding the substantia nigra and the striatum were obtained using a vibratome (Pelco 101 Series-1000, 

Pelco, Clovis, CA) and mounted on standard glass slides (Fisher Scientific).  Next, the sections were 

stained with a rabbit anti-TH primary antibody (1:10,000 for 24 hours at 4°C; Millipore) and a 

biotinylated donkey anti-rabbit immunoglobulin G secondary antibody (1:1,000 for 2 hours at RT; 

Millipore).  To eliminate nonspecific binding prior to immunostaining endogenous peroxidase activity 

was blocked using 0.3% H2O2 for 30 min at room temperature (RT), the slides were then washed 3 

times for 5 min with Tris buffer (pH = 7.6) and submerged in blocking solution (1% normal donkey 

serum, 0.1% Triton-X-100, Tris-HCl buffer, pH 7.6) for 2 hours at RT.  The signal from the secondary 

antibody was amplified using the ABC reagent (Vectastain Elite ABC Kit, PK-6100) according to the 

manufacturer's protocol.  We used DAB substrate (Vector Laboratories, Burlingame, CA) as the 

chromogen for final visualization of TH immunoreactivity.

 

3.2.9 Statistical analyses

All statistical analyses were performed with Prism 7 software (Graphpad, La Jolla CA).  Nonparametric

Kruskal-Wallis tests with Dunn’s multiple comparisons post hoc tests were performed to compare total 

LAO and locomotor AIMs scores.  AIMs scores at individual time points during each experiment were 

tested against vehicle control with two-tailed Wilcoxon matched pairs signed rank sum tests with 
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Holm-Bonferroni post hoc tests to correct for multiple comparisons (Holm, 1979).  One-way ANOVA 

(with Tukey post hoc tests) was performed for the FAS test analysis.  Two-way ANOVA (with 

Bonferroni post hoc tests) was used for the analysis of striatal dopamine and serotonin content in 

lesioned and non-lesioned hemispheres.  For all statistical analyses, the null hypothesis was rejected 

when p < 0.05.

 

3.3 Results

3.3.1 Post hoc analyses to verify the 6-OHDA lesion

As has been shown in prior work (Bartlett et al., 2016; Flores et al., 2014; Yue et al., 2011), the medial 

forebrain bundle (MFB) lesion protocol in our hands leads to > 90 % depletion of striatal DA content 

on the lesioned side of the brain, while leaving levels of serotonin unaltered.  The mean number of 

amphetamine-induced ipsiversive rotations for PD animals (n  = 30) included in this study was 6.08 

(SEM = 0.66), indicating a > 90 % PD-lesion (i.e. > 90 % dopamine denervation of nigrostriatal 

projections from the SNpc).  In post hoc analyses, we observed a reduction of striatal and nigral TH 

immunoreactivity (Figure 1A and B).  This was quantified in a subset of animals with semi-

quantitative western analysis of TH and showed greater than a 90%  reduction of TH in the lesioned 

hemisphere compared to the intact hemisphere (mean relative intensity TH/ -actin: intact side = 2.73; 

lesioned side = 0.30; p = 0.016; n = 7; two tailed t-test).  There is also a 95% loss of striatal DA on the 

lesioned side, while serotonin and metabolite levels remained unchanged (F[1,22] = 290.47, p  <  0.0001, 

two-way ANOVA, Bonferroni post hoc tests) as shown in Figure 1C. 
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3.3.2 MMP-2200 does not interfere with L-DOPA’s antiparkinsonian activity and has 
antiparkinsonian activity on its own

After L-DOPA-induced dyskinesia was established (i.e., after 21 days of L-DOPA priming), we 

validated that MMP-2200 does not interfere with the antiparkinsonian action of L-DOPA by using the 

FAS (forelimb adjusting steps) test paradigm, a measure of forelimb akinesia.  The PD  lesion-induced 

reduction in the use of the contralateral front paw was reversed by L-DOPA treatment, and this rescue 

was not altered by co-injection of MMP-2200 with L-DOPA (one-way ANOVA, F[3,30] = 281.5; p < 

0.0001, Tukey multiple comparisons post hoc tests; comparison of each group to post-lesion yielded p 

< 0.0001, all other post hoc comparisons were not statistically significant) as shown in Figure 2A.  In a

separate cohort, we tested the effects of MMP-2200 by itself in PD animals on akinesia using the FAS 

test (Figure 2B).  In these unilaterally 6-OHDA-lesioned animals, a clear reduction in the contralateral 

forelimb steps is evident, as expected when compared to baseline.  Treatment with MMP-2200 (20 mg/

kg; i.p.) leads to a significant increase in the percentage of the contralateral steps indicating a modest 

antiparkinsonian activity (paired sample t-test, t = 2.961, two-tailed p = 0.0159, n = 10).

3.3.3 MMP-2200 differentially affects LAO and locomotor AIMs induced by L-DOPA; 
these effects are blocked by naltrindole

MMP-2200 at both doses (10 and 20 mg/kg) significantly increased LAO AIMs relative to their 

respective vehicle control experiments, as shown in Figures 3A,B, which plots the time course data for 

the entire experiment.  Two-tailed Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni 

corrections for multiple comparisons were performed at each individual time point (n = 17-18).  This is 

also shown in Figure 4A for the total AIMs scores, Wilcoxon matched-pairs signed rank tests with 
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Holm-Bonferroni corrections for multiple comparisons  vs. vehicle control on total AIMs scores; 

MMP-2200, 10 mg/kg: W = 137, p = 0.002, n = 17; MMP-2200, 20 mg/kg: W =137, two-tailed p = 

0.0024, n = 18).  MMP-2200 significantly decreased locomotor AIMs  induced by L-DOPA as shown in

the time course in Figures 3C, D (two-tailed Wilcoxon matched-pairs signed rank tests with Holm-

Bonferroni corrections for multiple comparisons, n = 14).  In Figure 4B for the total AIMs scores are 

shown (Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni corrections for multiple 

comparisons vs. vehicle control MMP-2200, 10 mg/kg: W = -81, two-tailed p = 0.011, n = 14); MMP-

2200, 20 mg/kg: W = -89, two-tailed p = 0.0116, n = 14).  The effect of MMP-2200 to enhance LAO 

AIMs (at both 10 and 20 mg/kg) was blocked by systemic administration (i.p.) of the selective DOR 

antagonist naltrindole at 3 mg/kg (Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni 

corrections for multiple comparisons vs. vehicle control on total AIMs scores; MMP-2200, 10 mg/kg: 

W = -28, two-tailed p = 0.504, n = 10 ; MMP-2200, 20 mg/kg: W = 16, two-tailed p = 0.75, n = 10), as 

shown in Figure 4A.  Naltrindole alone did not alter the expression of LAO AIMs when compared to 

its vehicle control in the crossover design (Wilcoxon matched-pairs signed rank tests with Holm-

Bonferroni corrections for multiple comparisons, W = 2, two-tailed p = 0.9336, n = 10).  This indicates 

that the effect of MMP-2200 on L-DOPA-induced AIMs is mediated by a pathway utilizing the DOR 

system.  For locomotor AIMs, naltrindole blocked the effects of MMP-2200 at the 10 mg/kg dose 

(Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni corrections for multiple comparisons

vs. vehicle control were performed on total AIMs scores; MMP-2200, 10 mg/kg: W = -8, two-tailed p 

>0.9999, n = 10; , W = -25, two-tailed p = 0.6738, n = 10), as shown in Figure 4B.  Comparison of the 

different LAO vehicle control experiments using a Kruskal-Wallis test did not reveal any significant 

differences; this provides evidence that the level of expression of LAO AIMs in the vehicle control 

experiments remained stable across time (H = 4.647, p ≈ 0.2246, n = 5).  The same was true for 

locomotor AIMs vehicle control experiments (H = 1.175, p ≈ 0.8821, n = 5).
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3.3.4 Effects of MMP-2200 on D1R-induced AIMs

We then tested the individual contributions of the direct and indirect striatal output pathways on the 

expression of DA receptor-mediated AIMs.  A D1R-induced dyskinesia model was established as 

previously described in Flores et al. (2014).  Briefly, animals initially primed with L-DOPA were 

treated with the selective D1R agonist SKF18297 (0.8 mg/kg, s.c.) three times to ensure stable 

expression of AIMs in response to the D1R agonist.  Co-administration of MMP-2200 (20 mg/kg) led to

significant reduction in SKF81297-induced locomotor AIMs, as shown in Figure 5B, which plots the 

time course data for the entire experiment (Wilcoxon matched-pairs signed rank tests with Holm-

Bonferroni corrections for multiple comparisons were performed at each individual time point, n = 7).  

In Figure 5D the total scores are shown (Wilcoxon matched-pairs signed rank test vs. vehicle control 

on total AIMs scores; W = -24, p = 0.0469, n = 7).  However, MMP-2200 had no effect on LAO AIMs 

in this paradigm, as shown in Figure 5A for the whole time course (Wilcoxon matched-pairs signed 

rank tests Holm-Bonferroni corrections for multiple comparisons were performed at each individual 

time point, n = 8).  In Figure 5C the total scores are depicted (Wilcoxon matched-pairs signed rank test

vs. vehicle control was performed on total AIMs scores; W = 6, p = 0.7422, n = 8).

 

3.3.5 MMP-2200 reduces D2R-induced AIMs

Next, the rats were primed with the selective D2R agonist quinpirole (0.2 mg/kg, i.p.) three times to 

ensure stable expression of AIMs in response to the D2R agonist.  Both LAO and locomotor AIMs were

elicited by quinpirole, as previously shown by Flores et al. (2014).  Co-administration of MMP-2200 

(20 mg/kg) with quinpirole led to a marked reduction (40%) in LAO, as shown in Figure 6A, which 
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plots the time course data for the entire experiment (two-tailed Wilcoxon matched-pairs signed rank 

tests Holm-Bonferroni corrections for multiple comparisons were, n = 7).  This is further shown in 

Figure 6C, which shows the total LAO scores (Wilcoxon matched-pairs signed rank test vs. vehicle 

control on total AIMs scores; W = -28, two-tailed p = 0.0156, n = 7).  Locomotor AIMs were reduced 

by ~80% overall as illustrated by the time course data in Figure 6B (Wilcoxon matched-pairs signed 

rank tests Holm-Bonferroni corrections for multiple comparisons, n = 7) and in Figure 6D for the total 

scores (Wilcoxon matched-pairs signed rank test vs. vehicle control on total AIMs scores; W = -21, 

two-tailed p = 0.0313, n = 7). The data on the effects of MMP-2200 for all three treatments are 

summarized in Table 1.

Table 1. Summary of the effects of MMP-2200 on LAO and locomotor AIMs induced by L-
DOPA, the selective D1 receptor agonist, SKF81297, and the selective D2 receptor agonist, 
quinpirole.

AIMs Inducer Striatal
Output

Pathway

Change in 
LAO AIMs

Change in 
Locomotor AIMs

% p-value % p-value

L-DOPA Direct and
Indirect

~10 ↑ 0.0024 ~50 ↓ 0.0116

SKF81297 Direct ~0 n.s. ~40 ↓ 0.0469

Quinpirole Indirect ~40 ↓ 0.0156 ~80 ↓ 0.0313

Two-tailed Wilcoxon matched-pairs rank sums tests vs. corresponding vehicle control

MMP-2200 (20 mg/kg) administration led to a small increase in L-DOPA-induced LAO AIMs, had no
effect on SKF81297-induced LAO AIMs.  MMP-2200 significantly decreased locomotor AIMs to 
differing degrees for the AIMs inducers. n.s. = not significant; ↑ = increase; ↓ = decrease.
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3.3.6 Effects of co-administration of MMP-2200 and MK-801

In the present study, we have also confirmed that MK-801 (0.3 mg/kg, i.p.) produces a pro-

parkinsonian effect, reliably inducing rotations ipsiversive to the side of the 6-OHDA lesion, which is a

correlate of pro-parkinsonian activity in this model, and producing akinesia in the FAS test.  The time 

course plots of these experiments show that the effect of MK-801 lasted throughout the entire duration 

of the 3-hour  testing period for both LAO and locomotor AIMs measures, as shown in Figure 7 A, D 

(two-tailed Wilcoxon matched-pairs signed rank tests Holm-Bonferroni corrections for multiple 

comparisons were performed at each individual time point, n = 10).  In Figure 8A the total LAO AIMs 

are shown (Kruskal-Wallis test with Dunn’s multiple comparisons post hoc tests (H = 4.647, p < 

0.0001, n = 6), and in Figure 8B the total locomotor AIMs (Kruskal-Wallis test with Dunn’s multiple 

comparisons post hoc test (H = 4.647, p < 0.0001, n = 6).  

Importantly, co-injection of MMP-2200 at both 10 and 20 mg/kg completely abolished 

ipsiversive rotations induced by MK-801, while simultaneously preventing the induction of 

contraversive rotations induced by L-DOPA, as shown in the time course data in Figure 7E, F (two-

tailed Wilcoxon matched-pairs signed rank tests Holm-Bonferroni corrections for multiple comparisons

were performed at each individual time point, n = 9-10).  This indicates that the pro-parkinsonian effect

was blocked by MMP-2200, while a robust anti-dyskinetic effect on LAO AIMs remains, as shown in 

the time course data in Figure 7B, C (two-tailed Wilcoxon matched-pairs signed rank tests Holm-

Bonferroni corrections for multiple comparisons were performed at each individual time point, n = 9-

10).  This is further depicted in Figure 8A for the total LAO AIMs (Kruskal-Wallis test, H = 44.32, p < 

0.0001, n = 6, with Dunn’s multiple comparisons post hoc tests; MMP-220, 10 mg/kg: mean rank diff. 

= -8.55, two-tailed  p > 0.9999, n = 10; MMP-2200, 20 mg/kg: mean rank diff. = -8.472, two-tailed p > 
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0.9999, n = 9), and in Figure 8B for total locomotor AIMs (Kruskal-Wallis test, H  = 35.32,  p < 

0.0001, n = 6, with Dunn’s multiple comparisons post hoc tests; MMP-2200, 10 mg/kg: MMP-220, 10 

mg/kg: mean rank diff. = -16.85,  p = 0.0592, n = 10; MMP-2200, 20 mg/kg: mean rank diff. = -18.08, 

two-tailed p = 0.0404, n = 9).  

Naltrindole does not interfere to an appreciable extent with the effect of MMP-2200 on 

ipsiversive rotations elicited by MK-801; MK-801 combined with MMP-2200 (20 mg/kg) still leads to 

a significant reduction in locomotor AIMs following naltrindole administration.  Figure 8B shows the 

total locomotor scores (Kruskal-Wallis test, H = 35.32, p < 0.0001, n = 6, with Dunn’s multiple 

comparisons post hoc tests; MMP-2200, 10 mg/kg: mean rank diff. = -10.18, p > 0.9999, n = 10; 

MMP-2200, 20 mg/kg: mean rank diff. = -10.78, two-tailed p = 0.9490, n = 9).  In the case of LAO 

AIMs, the administration of naltrindole combined with 20 mg/kg MMP-2200 does significantly 

interfere with the anti-dyskinetic action of MK-801 (Kruskal-Wallis test, H = 35.32, p < 0.0001, n = 6, 

with Dunn’s multiple comparisons post hoc tests; MMP-2200, 10 mg/kg: mean rank diff. = -17.64,  p >

0.3096, n = 10; MMP-2200, 20 mg/kg: mean rank diff. = -28.44, two-tailed p = 0.0091, n = 9), as 

shown in Figure 8A.   

Finally, it’s important to note that comparison of the different LAO vehicle control experiments 

using a Kruskal Wallis test did not reveal any significant differences; this provides evidence that the 

level of expression of LAO AIMs in the vehicle control experiments remained stable across time (H = 

5.517, p ≈ 0.3561, n = 6).  The same was true for locomotor vehicle control experiments (H = 4.557, p 

≈ 0.4723, n = 6). 

In a separate cohort of LID animals with baseline LAO AIMs of 24.5 ± 5.0 (mean ± SEM) and 

locomotor AIMs of 4.6 ± 1.6 (mean ± SEM), we further evaluated if the antiparkinsonian activity of 

MMP-2200 can counter the MK-801-induced pro-parkinsonian activity using a non-drug-induced 

behavior.  FAS test data from these LID animals showed that indeed MMP-2200 successfully 
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counteracted the pro-parkinsonian activity of MK-801 in this paradigm measuring forelimb akinesia 

(Figure 9).  One-way ANOVA (with Tukey post hoc tests) were performed on contralateral steps (F[6,27] 

= 32.13; p = 0.0001) and ipsilateral (F[6,27] = 21.2; p < 0.0001) in the FAS test paradigm (Figure 9A).  

As anticipated, Tukey multiple comparisons post hoc tests showed that the proportion of contralateral 

forelimb steps in both the post-lesion and MK-801 conditions was significantly decreased compared to 

baseline, owing to the unilateral lesion—both yielding p-values < 0.0001 (mean differences of -44.57 

and -47.14 respectively).  Administration of the noncompetitive NMDA-receptor antagonist MK-801 

by itself markedly suppresses the expression of L-DOPA-induced AIMs; therefore, the proportion of 

contralateral forelimb steps in this condition remained low and were not significantly different from 

their post-lesion state (p = 0.4950).  In the L-DOPA + MMP-2200 (10 mg/kg) + MK-801 condition, a 

significant reduction in the proportion of contralateral steps relative to baseline remained (mean 

difference = -21.86 , p = 0.0385).  However, the proportion of contralateral steps in this condition was 

significantly higher than that realized in the MK-801 alone condition (mean difference = 25.29, p = 

0.0430), indicating that 10 mg/kg MMP-2200 reduces the pro-parkinsonian effect of MK-801.  

Contralateral steps in the L-DOPA + MMP-2200 (20 mg/kg) + MK-801 condition were significantly 

increased relative to both post-lesion and MK-801 alone conditions (mean difference = 33.57, p = 

0.0008 and mean difference = 36.14, p = 0.0003 respectively), further demonstrating that the pro-

parkinsonian activity of MK-801 is suppressed by this high dose of MMP-2200.  In fact, addition of 

MMP-2200 at this higher 20 mg/kg dose restored the proportion contralateral forelimb steps to a level 

that was no longer significantly different from the prelesion baseline (mean difference = -11, p = 

0.3539).  Therefore, MMP-2200 can successfully counteract the pro-parkinsonian effects of MK-

801without compromising the antiparkinsonian action of L-DOPA itself.

With regard to ipsilateral forelimb steps (Figure 9B), which are controlled by the intact side of 

the brain and are not attributed to L-DOPA hypersensitivity, the mean and variance of forelimb steps in 



109

the baseline and post-lesion conditions are nearly identical, as expected.  Tukey multiple comparisons 

post hoc tests showed that following administration of L-DOPA + MK-801, a vast reduction in the 

proportion of ipsiversive steps was observed relative to these first two conditions (mean difference = -

39.57, p = 0.008 and mean difference = -41.86, p = 0.0032 respectively).  This motor-suppressive effect

is probably due to antagonism of NMDAR glutamate receptors by MK-801.  From this akinetic state, 

coadministration of MMP-2200 at both 10 and 20 mg/kg with L-DOPA and MK-801 led to a significant

increase and rescue of ipsiversive forelimb steps (mean difference = 30.57, p = 0.0011 and mean 

difference = 26.29, p = 0.0152 respectively).  The movement-restorative effects of MMP-2200 in both 

instances were complete enough so that neither MMP-2200 in either the 10 or 20 mg/kg condition was 

statistically different from baseline or post-lesion data.

3.4 Discussion

MMP-2200, also known as Lactomorphin, is a synthetic opioid glycopeptide, structurally-based on 

Leu-enkephalin, which has mixed-δ/μ opioid receptor agonist activity and a favorable pharmacological 

profile compared to alkaloid-based opioid compounds (Li et al., 2012).  We have previously shown that

MMP-2200 has potent behavioral effects in rodent models of PD, where it blocks amphetamine-

induced rotations in unilaterally 6-OHDA-lesioned animals and blocks dopaminergic hypersensitivity 

in animals with reserpine-induced dopamine depletion (Xu Yue et al., 2011).  Since amphetamine 

releases dopamine non-selectively from nigrostriatal terminals, we could not determine to what extent 

MMP-2200 was acting on the direct vs. the indirect pathway.  We now report a more detailed 

pharmacological study of MMP-2200, in which we separately activate the direct and indirect striatal 

outflow pathways of the basal ganglia using selective dopamine receptor agonists.  We first could 

demonstrate that MMP-2200 not only does not interfere with the antiparkinsonian activity of L-DOPA, 
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but has a modest antiparkinsonian activity by itself as well, which is also consistent with its ability to 

reduce amphetamine-induced rotations.  We also demonstrate that MMP-2200 attenuates four separate 

modalities of rotational behavior: (1) contraversive rotations induced by L-DOPA, (2 & 3) 

contraversive rotations induced by selective stimulation of D1- and D2-like receptors and (4) ipsiversive

rotations induced by the selective NMDA receptor antagonist MK-801.  In the unilateral 6-OHDA-

lesion model, the contraversive rotations are thought to reflect dopamine hypersensitivity and are 

related to the clinical phenomenon of LID, while ipsiversive rotations reflect either worsening of the 

parkinsonian state (i.e MK-801, vide infra), or activation of the intact hemisphere (i.e. amphetamine).  

We also employed quantified measures of limb, axial and orolingual (LAO) AIMs, which represent a 

further experimental refinement in modeling the clinical phenomenon of LID.

3.4.1 Effects of MMP-2200 on dopamine agonists and selective modulation of the 
indirect striatal outflow pathway of the basal ganglia

In the present study, we used selective pharmacological stimulation of D1 and D2-like receptors in order

to examine the differential effects of MMP-2200 in the direct and indirect pathway.  We show that 

MMP-2200 selectively blocks dyskinesia produced by D2R-like agonist activity.  Hemi-parkinsonian 

animals were initially primed with L-DOPA and then probed sequentially with L-DOPA, the selective 

D1R agonist SKF81297, and finally the selective D2R-like agonist quinpirole (see Table 1 in the 

Results section).  We show that MMP-2200 selectively reduces D2R-like agonist-induced LAO AIMs 

while having no comparable effect against LAO AIMs induced by the selective D1R agonist.  A similar 

result was obtained with regard to locomotor (contralateral rotational) behavior: MMP-2200 

completely blocked the effects of the D2R-like agonist, while only producing a partial reduction in 
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rotational movements driven by the D1R agonist.  Taken together these results are consistent with an 

effect of MMP-2200 that is predominantly selective for the indirect pathway.  The ability of MMP-

2200 to offset the dyskinesia produced by the D2R-like agonists is a significant finding given that drugs

with D2R-like agonism are used extensively for the treatment of PD, e.g. pramipexole, ropinirole, and 

rotigitine.  When these clinically-approved drugs are used in early stages of Parkinson’s disease as 

monotherapy, they effectively reduce the motor symptoms of PD but do not cause dyskinesia 

(Holloway et al., 2004; Rascol et al., 2000).  In fact, dopamine agonists play an important role in L-

DOPA sparing strategies used in the therapeutic management of PD (Connolly & Lang, 2014).  When 

dopamine agonists are used in combination with L-DOPA to treat more advanced stages of PD, 

however, they contribute to the overall severity and duration of dyskinesia (Hauser et al., 2007; 

Holloway et al., 2009; Katzenschlager et al., 2008).  With further development, MMP-2200 could be 

positioned to treat dyskinesia in these more advanced patients with LID that are being treated with 

combinations of L-DOPA and dopamine agonists.

The lack of effect of MMP-2200 on D1R-induced dyskinesia could, in theory, limit the 

therapeutic efficacy of MMP-2200, to the extent that a considerable number of currently prescribed 

antiparkinsonian drugs exhibit D1R agonism.  Nevertheless, pramipexole and ropinirole, the most 

commonly prescribed oral dopamine agonists, have no appreciable D1R activity (Millan et al., 2002).   

Other agonists with predominant D2R-like activity include the transdermal drug rotigotine and the 

injectable agonist apomorphine; while these agonist do  exhibit a low level of D1R agonism, they are 

more highly selective for D2Rs (Chen et al., 2009; Millan et al., 2002; Scheller et al., 2009).  L-DOPA, 

the mainstay of treatment for PD, and also the major pharmacological contributor to LID, activates all 

subtypes of DA receptors belonging to both the D1 and D2 families of DA receptors, as discussed 

specifically below.  While D1R agonism is thought important for complete control of parkinsonian 

motor symptoms, few therapeutic advances have been made with selective D1R agonists (Jenner, 2005) 
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due to issues with multiple side effects.  Non-pharmacological evidence also supports the clinical 

relevance of the indirect pathway: the highly efficacious surgical therapy for PD, deep brain 

stimulation, has been proven to be a highly effective when targeting the subthalamic nucleus (Krack et 

al., 1997; P. Limousin et al., 1995), which preferentially modulates the indirect pathway.  Therefore, 

selective modulation of the indirect striatal output pathway continues to be an important therapeutic 

target for PD and the further mechanistic study of MMP-2200 and similar opioid drugs with the goal of

clinical development for patients with uncontrolled dyskinesia appears warranted.  

3.4.2 Effects of  MMP-2200 on L-DOPA-induced AIMs

The effects of MMP-2200 in the LID model are complicated when L-DOPA itself is used as the probe.  

Since L-DOPA itself can be thought of as driving both the direct and indirect pathways, e.g. having 

both D1R and D2R agonist effects, we expected that MMP-2200 would partially block the effect of L-

DOPA in the setting of dopamine hypersensitivity.  Indeed, the effects of MMP-2200 on rotational 

behavior are consistent with this line of reasoning, where a significant reduction in locomotor AIMs 

was found as expected.  However, MMP-2200 was not effective in ameliorating LAO AIMs in our 

model.  Instead, there was a small increase in LAO AIMs, which was blocked by pretreatment with the 

selective DOR antagonist naltrindole.  This suggests that the δ-agonist activity of MMP-2200’s dual 

action at µ- and δ- opioid receptors is responsible for the worsening of LAO-AIMs.  This finding is in 

agreement with the results of a study done by (Billet et al., 2012) in which the selective DOR agonist 

[d-Pen2, d-Pen5]-enkephalin (DPDPE), which like MMP-2200 is a structural analog of Leu-enkephalin, 

significantly increased LAO AIMs in the 6-OHDA lesion rat model of LID.  We do not have a simple 

explanation for why MMP-2200 is effective against D2R-like-induced dyskinesia but not even partially 
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effective against L-DOPA LAO-AIMs (see section 4.4).  These results are consistent, though, with the 

complex array of effects of L-DOPA compared to selective dopamine agonists; L-DOPA acts at all of 

the five dopamine receptors sub-types which are found in multiple anatomic regions, including extra-

striatal regions (Obeso et al., 2000).  Thus, it is not surprising that L-DOPA results are not fully 

predicted by the combined results of the selective D1R and D2R-like agonists.  In this respect it is of 

interest that dopamine D3 receptors (D3R) are found in both the direct and indirect pathways, though 

differentially after L-DOPA priming  (Solís et al., 2017).  Currently, a number of studies have 

implicated alterations in D3R expression and signaling in LID.  Chronic L-DOPA treatment has 

previously been shown to increase D3R expression in the dorsal striatum in rats unilaterally lesioned 

with 6-OHDA (Bordet et al., 1997; Guillin et al., 2001).  This increase in D3R expression correlates 

with hypersensitization to L-DOPA (Guigoni et al., 2005).  Data from a recent study by (Solís et al., 

2017) provides evidence that D3R-mediated signaling plays an important role specifically in the 

development of dyskinesia and revealed that chronic L-DOPA therapy leads to increase D3R expression

predominantly in D1R-expressing striatal MSNs of the direct pathway, and to much lesser degree in 

D2R expressing striatal MSNs of the indirect pathway.  Furthermore, they showed that genetic deletion 

of D3Rs attenuates LID.  Recent data also support that a functional, synergistic interaction between D1R

and D3R exists to both behaviorally and biochemically to drive dyskinesia in hemi-parkinsonian rats 

(Lanza et al., 2018).  Considering that the up-regulation of D3R in LID principally happens in the direct

pathway and the main anti-dyskinetic effect of MMP-2200 instead is likely to be located in the indirect 

pathway, we would argue that changes in D3R activity do not play a major role in explaining our 

findings.  In order to investigate this directly in the future, experiments with more selective D3R 

antagonists would be required. 
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3.4.3 Combined effects of MMP-2200 and MK-801

In prior work, we have demonstrated that the potent non-competitive NMDAR antagonist MK-801 can 

also selectively block LID via a mechanism that involves the indirect pathway (Flores et al., 2014)  

Given that MMP-2200 strongly modulates the indirect pathway, we tested the effects of MMP-2200 in 

conjunction with MK-801.  We report here, for the first time, that co-administration of an opioid 

receptor agonist (MMP-2200) and MK-801 produces a combined effect that is characterized by a 

robust suppression of L-DOPA-induced locomotor and LAO AIMs, with reduced induction of 

parkinsonism.  This is an important finding, since MK-801 is extremely effective at blocking 

dyskinesia in the pre-clinical model, but only at doses that worsen the parkinsonian symptoms 

(Paquette et al., 2010), indicated by inducing ipsiversive rotations in this model and by preventing L-

DOPA's therapeutic effects to reduce impaired sensorimotor function tested with the Vibrissae-

Stimulated Forelimb Placement test (Flores et al., 2014, Pacquette et al., 2010).  The pro-parkinsonian 

effect of MK-801 is a major liability for future drug development of novel anti-dyskinesia agents with 

highly specific NMDAR blocking properties.  The clinically used drug amantadine is a multifunctional 

drug, with its weak NMDAR-antagonism as one contributor to its clinical efficacy in PD (Paquette et 

al., 2012) among other not identified mechanisms.  When compared to MK-801, amantadine shows 

even at high doses weaker anti-dyskinetic activity in rodents (50% reduction), compared to MK-801 

(>90% reduction), but importantly, amantadine does not have the liability to induce any pro-

parkinsonian locomotor activity as MK-801 does.  In this regard it is of interest that low sub-anesthetic 

doses of ketamine, another multifunctional drug with weak non-competitive NMDAR-antagonism 

amongst its activities, do lead to reduction of LID as well, while also not inducing pro-parkinsonian 

locomotor activity (Bartlett et al., 2016), but rather showing antiparkinsonian activity by itself .  Since 

ketamine is known to bind opioid receptors and having agonist properties (Fink and Ngai, 1982; Gupta 
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et al., 2011), this would also suggest opioid agonism together with highly specific NMDAR-

antagonism might allow a strong anti-dyskinetic activity to occur without worsening of the PD 

symptoms at the same time.  Together with that information our data suggests, that a potent highly 

specific NMDAR blocker could still find clinical utility if used in combination with MMP-2200 or a 

similar DOR agonist.

Our results with experiments utilizing MK-801 show that the balance of δ and μ opioid receptor

activity of MMP-2200 is an important determinant of its effects on AIMs.  If we block the δ activity 

with naltrindole, the remaining μ activity interferes with the anti-dyskinetic activity of MK-801 

(Figure 8).  This finding is consistent with prior studies of the µ opioid system in LID, which would 

predict that µ-agonists would worsen LID.  Accordingly, there is evidence that MOR antagonists have 

anti-dyskinetic action in non-human primate (NHP) models of LID (Henry et al., 2001; Koprich et al., 

2011).  It should be noted though, that the literature is not entirely consistent when comparing results 

from different animal models and clinical studies (Elmagbari et al., 2004; S. Fox et al., 2004; Henry et 

al., 2001; Klintenberg et al., 2002; Manson et al., 2001; Rascol et al., 1994).  Nevertheless, there is 

sufficient evidence to consider that δ- and µ-opioid systems may work in balanced opposition. 

3.4.4 Relation of experimental findings to the classical model of basal ganglia

We may explain the results of our experiments, in part, by using the framework of the classical model 

of basal ganglia function.  According to the classical theory and supported by computational modeling 

(Moustafa et al., 2008) the parkinsonian “off” state is explained by an imbalance between the direct and

indirect pathways: the indirect pathway becomes hyperactive while the direct pathway becomes 

underactive.  The segregated expression of PPE-A and PPE-B mRNAs as well as differential 

expression of µ- and δ-opioid receptors by MSNs in the two respective pathways (Lindskog et al., 
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1999; Noble & Cox, 2002) suggest that enkephalins modulate neurotransmission in the indirect 

pathway while dynorphins modulate neurotransmission in the direct pathway.  The exact role of the 

neuropeptides in controlling the activity of the basal ganglia circuitry is less clear, though it is evident 

that there are important alterations in the peptidergic systems that occur in the setting of PD.  The 

precursor mRNA for PPE-A has been shown to be upregulated in states of striatal dopamine depletion 

(Gerfen et al., 1990; Nisbet et al., 1995; Westin et al., 2001).  In fact, NHP studies have demonstrated 

that alterations in levels of expression of PPE-A precede the appearance of motor deficits related to DA

depletion (Bezard, Ravenscroft, et al., 2001).  Furthermore, long-term, chronic L-DOPA therapy leading

to LID increases levels of expression of PPE-A mRNAs beyond what is seen in states of DA depletion 

alone (Calon et al., 2002; Henry et al., 1999).  Though these alterations are well-established, we do not 

know whether the upregulation of enkephalinergic transmission in the indirect pathway contributes to 

the pathology of PD or whether it is a compensatory mechanism.  The results of our experiments with 

MMP-2200 are most consistent with the viewpoint that in the condition of LID, enkephalin 

upregulation in the indirect pathway is a compensatory reaction that partially restores homeostasis in 

the basal ganglia circuitry.  The action of MMP-2200, via enhancing the endogenous effect of 

enkephalin, is able to more fully restore the proper balance between the direct and indirect pathway and

thus provides a potent anti-dyskinetic effect in our model of LID. 

The same line of reasoning might suggest that our test article, MMP-2200 might worsen the 

parkinsonian “off” state (dopamine depletion without pharmacological replacement) by exacerbating 

the pathologically increased enkephalin-ergic transmission in the indirect pathway.   Importantly 

though, we did not observe this effect: MMP-2200 failed to display any pro-parkinsonian effects 

whether used alone or in combination with other drugs.  Rather, MMP-2200 actually reversed the pro-

parkinsonian effect of the NMDAR antagonist MK-801.  We postulate that this beneficial property 
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arises from the balanced and dual activity of MMP-2200 at both μ and δ receptors, and by extension a 

dual effect to increase activity of both the direct and indirect striatal outflow pathways.  These balanced

effects mean that MMP-2200 alone has little or no effect on normal locomotion, but “clamps” down the

striatal outflow and thus resists any perturbation away from the normal balance.  This explains the 

results of the experiments with MK-801 where MMP-2200 has both anti-dyskinetic effects and anti-

parkinsonian effects.  If further studies validate this concept, then MMP-2200 or similar agents could 

have a special utility in the treatment of advanced PD, where rapid fluctuations between the “on”, “on 

with dyskinesia” and “off” states produce substantial morbidity.

3.4.5 Potential limitations of the experimental design

The design of this study presents some limitations with respect to the sequential order in which the 

experiments were performed using each of the three AIMs-inducing drugs: L-DOPA, SKF81297, and 

quinpirole.  The experimental modeling of LID typically involves the initial priming of the animals 

with L-DOPA prior to a secondary priming and testing with DA receptor agonists.  In order to minimize

the use of animals, we performed experiments on L-DOPA induced AIMs first, and subsequently tested 

the selective dopamine receptor agonists.  We acknowledge the potential for lasting changes in 

plasticity that may have carried over from previous phases of the study to affect later phases of the 

study.  Since the experiments testing the effects of MMP-2200 on D2R agonist-induced AIMs were 

performed last in the study we cannot rule out that repeated exposure to MMP-2200, or prior exposure 

to D1R agonists may have confounded the results.  The differential effects of MMP-2200 on locomotor 

and LAO AIMs, could simply be related to fundamental mechanistic differences between locomotor 

and LAO AIMs.  The predictive validity of L-DOPA-induced contralateral turning behavior (i.e. 

locomotor AIMs) as a correlate of human LID is highly debated.  Rather, it has been suggested 
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(Lundblad et al., 2002) that while contralateral rotations reflect the extent of unilateral DA-denervation/

depletion in the 6-OHDA rat model, LAO AIMs are a better behavioral correlate of human LID.  For 

example, locomotor AIMs can be induced by drugs that have low potential for inducing dyskinesia 

clinically and are not attenuated by drugs that have demonstrated anti-dyskinetic efficacy in patients 

(Dekundy et al., 2007; Lundblad et al., 2002, 2005).  Thus, LAO AIMs have greater predictive validity 

as a surrogate measure of LID occurring in PD patients, and therefore, in this context, it is perhaps not 

surprising that the effects of MMP-2200 on L-DOPA induced LAO and locomotor AIMs in the present 

study do not correlate with one another.

3.4.6 Conclusion

In conclusion, systemic administration of the mixed δ/μ opioid glycopeptide MMP-2200 reduced limb, 

axial, orolingual, and locomotor abnormal involuntary movements (AIMs) induced by a selective D2R 

agonist, possibly strengthening the homeostatic upregulation of enkepahlins in response to 

development of dyskinesia.  In addition, MMP-2200 modified the effect of the NMDAR antagonist 

MK-801 to result in a potent reduction of L-DOPA-induced limb, axial and orolingual AIMs with 

reduced induction of parkinsonism, mitigating the pro-parkinsonian activity that MK-801 has by itself. 

Since DA receptor agonists are used extensively in current clinical practice our data suggest that it 

could be worthwhile to further explore the therapeutic potential of drugs structurally related to 

endogenous opioid peptides as adjuncts to established therapies.  In the case of MMP-2200, μ agonism 

might be a liability for drug development, given potential for abuse, tolerance, and addiction associated

with traditional opioids active at the μ receptor.  Our studies indicate that structural changes to enhance 

the δ-selectivity would preserve the anti-dyskinetic properties of the molecule and perhaps improve the 

suitability as a therapeutic agent. The µ-activity is important however for the balanced effect and may 
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prove to be an acceptable pharmacodynamics property when fully evaluated.  Indeed, it should be 

remembered that neuropathic pain has only been recently acknowledged as a major comorbidity of PD 

and pain related to motor fluctuations remains a poorly addressed non-motor symptom.  In this regard, 

development of new therapies based on the opioid peptide transmitters is all the more urgent. 
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3.6 Figures

Figure 1. Verification of 6-OHDA lesion. Unilateral injections of 20 μg 6-OHDA into the MFB 

created a severe lesion in the substantia nigra.  The presence of the unilateral lesion was verified using 

tyrosine hydroxylase (TH) immunoreactivity as a marker of dopaminergic neurons.  The loss of 

dopaminergic cell bodies in the substantia nigra (A) and the loss of dopaminergic terminals in the 

striatum (B) are visible in the example photomicrographs after immunohistochemical staining for TH.  

(C) As expected, the striatal dopamine (DA) level measured with HPLC-EC was reduced by over 95% 

in the lesioned hemisphere, while the level of serotonin (5-HT) and the respective metabolites remained

unchanged.  Mean values ± SEM are plotted, n = 6; *** p < 0.0001, two-way ANOVA, Bonferroni post

hoc tests.
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Figure 2. MMP-2200 does not interfere with the therapeutic effects of L-DOPA and acts 

antiparkinsonian by itself.  (A) In the Forelimb Adjusting Steps Test (FAST), MMP-2200 does not 

interfere with the anti-parkinsonian effect of L-DOPA.  Mean percentage of contralateral/ipsilateral 

steps ± SEM using the FAST paradigm are plotted for the pre-lesion baseline and post-lesion tests and 

for the tests of L-DOPA (7 mg/kg, i.p.) and L-DOPA (7 mg/kg, i.p.) + MMP-2200 (20 mg/kg, i.p.); n = 

9. n.s. = not significant, *** p < 0.0001.  (B) MMP-2200 (20 mg/kg, i.p.) by itself displays modest 

antiparkinsonian activity in the FAST paradigm as well as in this separate cohort of animals.  The bar 

graph depicts the mean percentage of contralateral/ipsilateral steps ± SEM using the FAST paradigm 

and is plotted for the post-lesion baseline and then following administration of MMP-2200 at 20 mg/kg,

n = 10, * p < 0.05. Statistics were done prior to data normalization.
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Figure 3. The effect of MMP-2200 on L-DOPA-induced AIMs.  In the top panels, LAO AIMs scores

are plotted and in the lower panels the L-DOPA-induced locomotor scores (contraversive rotations) are 

shown (7 mg/kg L-DOPA).  Co-injection of (A) 10 mg/kg and (B) 20 mg/kg MMP-2200 increases L-

DOPA-induced LAO AIMs scores by ~10% (mean AIMs score ± SEM; n = 17-18; ** p < 0.01).  

Conversely, co-injection of (C) 10 mg/kg and (D) 20 mg/kg MMP-2200 led to a marked 50% decrease 

in L-DOPA-induced contraversive rotations compared to the L-DOPA-only vehicle control (mean AIMs

score ± SEM; n = 14; *** p < 0.001, ** p < 0.01, * p < 0.05).  
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Figure 4.  The effects of MMP-2200 on L-

DOPA-induced LAO and locomotor AIMs

scores are reversed by the selective delta-

opioid receptor antagonist naltrindole. 

(A) LAO AIMs: Both 10 mg/kg and 20 

mg/kg MMP-2200 doses lead to a modest 

but statistically significant increase in LAO 

AIMs compared to vehicle control.  

Naltrindole (3 mg/kg) blocked the MMP-

2200-induced increase in LAO AIMs at both

concentrations of MMP-2200 tested.  The 

data are plotted as % of L-DOPA-only 

vehicle control (mean total AIMs score ± 

SEM; n = 10-18; ** p < 0.01, statistics done 

on raw AIMs data before normalization to % control).  (B) Locomotor AIMs: Both 10 and 20 mg/kg 

MMP-2200 significantly reduce L-DOPA-induced locomotor AIMs (contraversive rotations) by ~50%. 

This reduction was blocked by the δ-specific antagonist naltrindole in the 10 mg/kg MMP-2200 

experiment.  The effect of 20 mg/kg MMP-2200 was not significantly reduced by naltrindole (mean 

total AIMs score ± SEM; n = 10-14; * p < 0.05).  LAO and Locomotor AIMs scores obtained during 

the vehicle control testing sessions were stable and not significantly different between experiments.  
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Figure 5. D1R agonist-induced AIMs: MMP-2200 has no effect on LAO AIMs, but significantly 

reduces locomotor AIMs.  (A) Mean total LAO AIMs scores (± SEM) are plotted. MMP-2200 (20 

mg/kg, i.p.) had no effect on the SKF81297 (0.8 mg/kg, s.c.)-induced LAO AIMs.  (B) Mean total 

locomotor AIMs scores (± SEM) are graphed; a reduction of SKF81297-induced locomotor AIMs by 

MMP-2200 is evident.  (C) The graph shows the time-course of action of MMP-2200 on D1R agonist-

induced LAO-AIMs.  (D) The graph depicts the time-course of the action of MMP-2200 on D1R 

agonist-induced locomotor AIMs.  In all graphs, AIMs scores were acquired over a 180 min interval 

following administration of drugs, using a within-subjects crossover design (* p < 0.05; n = 8). 
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Figure 6.  MMP-2200 reduces both D2R agonist-induced LAO and locomotor AIMs.  (A) The 

graph shows mean total LAO AIMs scores (± SEM). MMP-2200 (20 mg/kg, i.p.) significantly reduces 

quinpirole (0.2 mg/kg, i.p.)-induced LAO AIMs by ~40%.  (B) The graph depicts mean total locomotor 

AIMs scores (± SEM) following quinpirole injection; MMP-2200 (20 mg/kg, i.p.) co-administration 

efficiently blocks locomotor AIMs.  (C) The graph shows the time-course of the action of MMP-2200 

on D2R agonist-induced LAO-AIMs.  (D) The graph depicts the time-course of action of MMP-2200 on

D2R agonist-induced locomotor AIMs.  In all graphs data were acquired over a 180 min period 

following administration of drugs, using a within-subjects crossover design (* p < 0.05; n = 7). 



126

Figure 7. The effect of MK-801 and MMP-2200 on L-DOPA-induced AIMs.  The non-competitive 

NMDA receptor antagonist MK-801 has previously been shown to have potent anti-dyskinetic activity 

only at a dose that also induces parkinsonism.  Time-course plots are shown: (A) MK-801 (0.3 mg/kg) 

reduces LAO AIMs by > 90%.  (D) MK-801 (0.3 mg/kg) induces pro-parkinsonian ipsiversive 

rotations, indicative of an induced parkinsonian state.  Co-administration of  10 mg/kg MMP-2200 (B 

and E) and 20 mg/kg MMP-2200 (C and F) with MK-801  have no impact on the anti-dyskinetic 

efficacy of MK-801 on LAO AIMs (B and C), while both L-DOPA-induced contraversive rotations and

MK-801-induced ipsiversive rotations are completely abolished (E and F); mean AIMs scores ± SEM; 

n = 9-10;  * p < 0.05.  
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 Figure 8. The modulatory activity of 

MMP-2200 on MK-801 effects is altered 

by the selective delta-opioid receptor 

antagonist naltrindole.(A) MK-801 (0.3 

mg/kg) administration leads to a robust 

suppression of LAO AIMs in this model.  

LAO AIMs: Co-injection of 10 mg/kg and 

20 mg/kg MMP-2200 did not have a 

significant effect on the anti-dyskinetic 

effect of MK-801 on LAO AIMs.  

Naltrindole (3 mg/kg) administration 

attenuates the anti-dyskinetic effect of MK-

801 + MMP-2200.  The data are plotted as 

% of L-DOPA-only vehicle control 

(mean±SEM; n = 9-10; **** p < 0.0001, 

** p < 0.01, * p < 0.05, statistics done on 

raw AIMs data before normalization to % 

control).  All groups are significantly 

decreased from vehicle control.  (B) MK-

801 (0.3 mg/kg, i.p.) produces a pro-

parkinsonian effect, inducing rotations ipsiversive to the side of the 6-OHDA lesion, which is a 

correlate of parkinsonian activity in this model.  Locomotor AIMs: Both 10 and 20 mg/kg MMP-2200 

doses abolished MK-801-induced locomotor AIMs.  This was significantly changed by the δ-opioid 

specific antagonist, leading to contraversive rotations instead (mean AIMs ±SEM; n = 9-10; ****p < 
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0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, #p = 0.058, statistics on raw AIMs data).  Vehicle LAO 

and locomotor AIMs were not significantly different between different experimental conditions.
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Figure 9. MMP-2200 suppresses the pro-parkinsonian activity of MK-801.  Using the FAS test we 

could show that MK-801 (0.3 mg/kg; i.p.) completely blocks the activity of L-DOPA (7 mg/kg; i.p.) to 

counter the akinesia in the contralateral limb and MK-801 also significantly decreases the proportion of

ipsiversive steps relative to baseline and postlesion, as has been shown by others prior.  In the graph 

depicted in (A) the mean contralateral steps (±SEM) are plotted, and in (B) the mean ipsilateral steps 

(±SEM) are depicted.  A reversal of the pro-parkinsonian MK-801 effect is evident after co-injection 

(i.p.) of 10 mg/kg MMP-2200 + MK-801, and at 20 mg/kg of MMP-2200 + MK-801 there is no 

significance difference from prelesion baseline ±SEM; n = 7; statistics were performed on data before 

normalization. (A) ****p < 0.0001, ***p < 0.001, *p < 0.05; (B)  ***p < 0.001, **p < 0.01, *p < 0.05. 
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Highlights

 The selective kappa-opioid receptor antagonist nor-BNI accelerated the development AIMs in a 
paradigm of prolonged levodopa-induced dyskinkesia development.

 nor-BNI did not show motor-restorative effects in model of mild dopamine-depletion.

 nor-BNI did not alter the level of expression of levodopa-induced AIMs once they were fully 
established.

 Systemic nor-BNI administration did not alter tonic DA levels in the dorsolateral striatum.

Abstract

Levels of the opioid peptide dynorphin, an endogenous ligand selective for kappa-opioid receptors 

(KORs), and its mRNA and pro-peptide precursors are differentially dysregulated in Parkinson’s 

disease (PD) and following the development of L-DOPA-induced dyskinesia (LID).  It remains unclear,

however, whether these alterations contribute to the pathophysiological mechanisms underlying PD 

motor impairment and the subsequent development of LID, or whether they are part of compensatory 

mechanisms that attempt counteract pathological changes.  Here, we sought to investigate the effects of

the KOR antagonist nor-BNI 1) in the dopamine (DA)-depleted PD state and 2) during the 

development phase of LID, i.e., during the critical priming period.  While nor-BNI administration (3 

mg/kg; s.c.) did not lead to any functional restoration in the DA-depleted state, a change in the dose-

dependent development of abnormal voluntary movements (AIMs) in response to escalating doses of L-

DOPA in a rat PD model with a mild striatal lesion was seen.  We tested 5 escalating dose of L-DOPA 

(6, 12, 24, 48, 72 mg/kg; i.p.), and nor-BNI accelerated the development of LAO AIMs at the lower 

doses of 12 and 24 mg/kg L-DOPA.  However, after dosing with 72 mg/kg L-DOPA, AIMs were not 

significantly different between control and nor-BNI groups.  In summary, while nor-BNI did not have 
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any functional restorative effect in the hemi-parkinsonian rats, nor-BNI did significantly accelerated the

rate of development of LID induced by chronic, escalating doses of L-DOPA in a mild striatal-lesion rat

PD model, but did not affect the overall severity once LID was fully established. 

4.1 Introduction

Alterations in the expression of endogenous opioid peptides and their precursors, and in the expression 

of opioid receptors, have been observed in Parkinson’s disease (PD) and levodopa (L-DOPA)-induced 

dyskinesia (LID), however the exact nature of the role played by these alterations in the 

pathophysiology of these disorders is unknown.  Following dopamine (DA) depletion, striatal levels of 

proenkephalin (PPE-A, Penk) mRNA and enkephalin are upregulated, whereas levels of prodynorphin 

(PPE-B, Pdyn) mRNA and dynorphin in the striatum are downregulated (Calon et al., 2002; Henry et 

al., 2003; Nisbet et al., 1995).  Additionally, positron emission tomography (PET) studies have 

identified enhanced opioidergic transmission in the striatum of PD patients with LID compared with 

non-dyskinetic patients (Piccini et al., 1997).  

Given the localization of PPE-A to the indirect striatal output pathway and the understanding 

that enhanced GABAergic activity in the indirect striatal output pathway underlies parkinsonian 

symptoms, enhanced enkephalinergic transmission has been hypothesized to play a role in PD.  

Following long-term L-DOPA therapy and the development of LID, levels of PPE-A mRNA are further 

elevated beyond those seen in DA depletion alone, and levels of PPE-B mRNA are reversed from the 

level of reduction induced by DA denervation and elevated above normal.  Levels of PPE-A and PPE-B

are also elevated in the postmortem brains of patients with PD and LID (Calon et al., 2002; Henry et 

al., 2003; Nisbet et al., 1995).  
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Kappa (κ)-opioid receptors (KOR) control DA dynamics and KOR activation inhibits the 

release of DA in various midbrain efferents, including the nucleus accumbens (NAc) and the striatum

(Di Chiara & Imperato, 1988; Gehrke et al., 2008).  KOR inhibition increases DA release in the nucleus

accumbens (Spanagel et al., 1992), yet it has not been investigated if the same is true in the dorsolateral

striatum, the part of the striatum involved in motor control.  The selective, long-acting (Kishioka et al., 

2013) KOR antagonist nor-binaltorphimine (nor-BNI) has previously been shown to block L-DOPA-

induced sensitization after nigral infusion in DA-depleted rats (Newman et al., 1997), and on the other 

hand activating KORs reduces LID (Ikeda et al., 2009), Kappa-opioid receptor agonists also increase 

locomotor activity in the monoamine-depleted rat model of parkinsonism (Hill & Brotchie, 1999; 

Hughes et al., 1998).  These findings suggest that altered transmission of endogenous opioid 

neuropeptides, including KORs, plays a potentially important role in PD and LID, though further 

research is needed to accurately determine how these alterations relate to the pathophysiology of these 

disorders.

In the present study, we evaluated the modulatory effects of selective KOR antagonism in two 

experimental paradigms: 1) a functional restoration PD paradigm utilizing a mild unilateral striatal 6-

hydroxydopamine (6-OHDA) rat model to model early PD, and 2) a prolonged LID development 

paradigm relying on chronic, escalating doses L-DOPA following a mild striatal 6-OHDA lesion.  In 

addition, we then evaluated potential effects of nor-BNI on tonic DA levels in the dorsolateral striatum 

(DLS) using fast-scan controlled adsorption voltammetry (FSCAV) in vivo.
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4.2 Methods & materials

4.2.1. Experimental Design

PD Restoration paradigm: 

The design of the PD restoration experimental paradigm is diagramed in Figure 1A.  In this paradigm, 

we evaluated the effects of nor-BNI (3 mg/kg; s.c.) to restore motor functionality in a mild unilateral 

striatal 6-OHDA lesion rat LID model (~75% DA depletion).  Within this mild DA depletion paradigm, 

motor functionality was assessed in independent nor-BNI and vehicle-treated groups (n = 9/group; one 

animal in the nor-BNI group died of unrelated causes in week 7 post-treatment during this long-term 

study; some behavioral analysis videos for one animal in the control group were lost) using 1) 

amphetamine-induced rotations (AR), 2) cylinder, 3) forelimb-adjusting steps (FAS), and 4) vibrissae-

stimulated forelimb placement (VSFP) tests in order to assess motor functionality. 

LID development paradigm: 

The design of the LID-development experimental paradigm is illustrated in the schematic diagram in 

Figure 1B.  In this paradigm, we evaluated the effect of nor-BNI administration (3 mg/kg; s.c.) on the 

dose- and time-dependent development of abnormal voluntary movements (AIMs) in response to 

chronic escalating doses of L-DOPA treatment in a mild unilateral striatal 6-OHDA lesion rat LID 

model (~60% DA depletion).  Animals (n = 14) with ≥ 1.0 amphetamine-induced rotations were 

included in the study (mean = 5.25, SEM = 1.30).  Within this paradigm of prolonged LID 

development, independent nor-BNI and vehicle-treated groups (n = 7/group; one animal in the control 

group died of unrelated causes during this long-term study) were tested multiple times (2-4 times, at 2 
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testing sessions per week) across 5 escalating doses of L-DOPA (6, 12, 24, 48, 72 mg/kg; i.p.) and 

evaluated for total limb, axial, and orolingual (LAO) as well as locomotor AIMs scores under blinded 

conditions.

Tonic striatal DA levels: 

In a third experiment (n =13) we evaluated tonic DA levels for 5 hours after systemic vehicle or nor-

BNI administration in the DLS in anesthetized naïve rodents using in vivo FSCAV.

4.2.2 Animals    

Male Sprague-Dawley rats (~225 g at arrival; Envigo RMC Inc., Indianapolis, IN), were used for 

Experiments 1 and 2.  For the DA voltammetry measurement in Experiment 3 adult male Sprague-

Dawley rats (258-310 g; Envigo) were housed two per cage.  Animals from all studies were housed on 

a 12-hour light/dark cycle with food and water provided ad libitum.  All procedures were approved by 

the Institutional Animal Care and Use Committee at the University of Arizona and conformed to the 

guidelines of the NIH Guidelines for the Care and Use of Laboratory Animals, and with ARRIVE 

guidelines.  All attempts were made to minimize the total number of animals used in these studies and 

their suffering.

4.2.3 Stereotaxic surgery for 6-hydroxydopamine striatal lesions  

Two separate doses of 6-OHDA were used to induce chronic mild striatal lesions in animals—one for 

the functional restoration study and another for the LID-development study.  For the functional 

restoration paradigm, a total amount of 15.0 μg 6-OHDA per animal was delivered into the striatum.  

For the for LID-development paradigm, a total amount of 12.0 μg 6-OHDA per animal was delivered 
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into the striatum.  Prior to surgery, animals (n = 30 for the restoration paradigm and n = 18 for the LID 

development paradigm) were acclimated in the animal facility for approximately 2 weeks until they 

reached an average body mass of 300 g.  In both experimental paradigms, a total volume of 8.0 μL of 

freshly prepared 6-hydroxydopamine hydrobromide solution (Sigma-Aldrich, St. Louis, MO; 1.875 and

1.5 μg per μL in 0.9 % sterile saline with 0.02% ascorbic acid to deliver total amounts of 15.0 and 12.0 

μg via two injection sites in the DLS for the restoration and LID-development studies respectively).  6-

OHDA was injected into two locations in the striatum with the following coordinates (1) AP +1.6; ML 

+2.2; DV −5.0; and (2) AP −0.4; ML +4.0; DV −5.0, according to the atlas of Paxinos & Watson (2007)

as in (Yue et al., 2014).  Injections were carried out at a rate of 1.0 μL per min using a 10.0 μL syringe 

and needle (26 gauge, 22 mm, 45° tip; Hamilton Company, Reno, NV) with a microinjector (Stoelting 

Co., Wood Dale, IL) attached to a stereotaxic micromanipulator (Narishige, Tokyo, Japan); the needle 

was left in place post-injection for a further 5 min to prevent any backflow of 6-OHDA solution upon 

withdrawal of needle.  Given the established, standardized nature of the unilateral 6-OHDA model, no 

sham surgery groups were included.

4.2.4 Amphetamine-induced rotations (AR) test

In the functional restoration study, amphetamine-induced rotations were used to assess the 

severity/extent of dopaminergic denervation and asymmetric DA release occurring between the 

lesioned and intact hemispheres of the brain following development of unilateral 6-OHDA striatal 

lesions. Unilaterally-lesioned rats were injected with D-amphetamine (5.0 mg/kg, i.p.; Sigma-Aldrich) 

to induce dopamine release from dopaminergic neurons projecting to the striatum and were then placed 

in a plexiglass cylinder (38 cm diameter × 38 cm height).  Rotational behavior was recorded by a 

camera placed above the cylinder for a total of 100 minutes following administration of amphetamine.  
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The average number of rotations per minute were counted and calculated by an individual blinded to 

experimental condition.   

4.2.5. Cylinder test

Cylinder behavioral tests were conducted in plexiglass cylinders (14.5 cm diameter; 30.0 cm height).  

Forepaw touches on cylinder walls were counted by a blinded observer on a video for a minimum of 20

touches during a 5–10 minute recording period and calculated by a formula given in (Schallert, 2006): 

[(ipsi + 1/2 both)/(ipsi + contra + both)] × 100, which sets non-bias at 50%, and plotted as % 

contralateral forepaw contacts.

4.2.6 Forelimb-adjusting steps (FAS) test

The potential for restoration of motor functionality was assessed using a technique previously 

described (Chang et al., 1999; Eskow et al., 2007).  Briefly, a 0.9-meter distance is marked off on a 

smooth tabletop surface.  The animal is held by the experimenter with one hand supporting, but 

obstructing movement of the hindlimbs.  The hind limbs are then slightly raised off the surface of the 

table.  The experimenter’s second hand is used to support and obstruct the movement of the forelimb 

not being assessed.  The forelimb being assessed is allowed to touch the table and then moved sideways

over the set distance at a rate of 0.1 cm/s.  The experimenter then moves the forelimb first in the 

backhand direction, followed by the same motion in the forehand direction.  Each forelimb was 

assessed three times per testing session.  The total number of adjusting steps made in each direction 

during the three trials were recorded and later counted and used to calculate the average number of 

steps according to limb and direction (forehand vs. backhand).  The proportion of the average number 

of steps taken by the motor defective left limb to the intact right limb for a given directionality (i.e., 
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forehand vs. backhand) is then calculated.  All tests were performed by a blinded observer.  This test 

was utilized in both the LID-development and functional restoration paradigms.

4.2.7 Vibrissae-stimulated forepaw (VSFP) test

The VSFP test was used to assess sensorimotor deficits in parkinsonian animals of the functional 

restoration study.  Animals were held parallel to the floor, with their hindlimbs supported and one 

forelimb restrained.  The vibrissae on the side of the unrestrained limb were stimulated against the 

corner of a table in a single, constant motion.  This normally causes the unrestrained forelimb to 

respond by reflexively touching the tabletop, unless a motor deficit is present in that limb due to the 

unilateral 6-OHDA lesion.  Ten trials were performed for each forelimb and the proportion of touches 

on the motor defective left side to touches on the non-affected right side were calculated.

4.2.8 L-DOPA-induced AIMs 

For the LID-development study, following development of a mild striatal lesion, animals were treated 

with chronic escalating doses L-DOPA.  Within this mild-dyskinesia paradigm, independent nor-BNI 

and vehicle-treated groups were tested multiple times (2-4 times per week, depending on dose) across 5

escalating doses of L-DOPA (6, 12, 24, 48, 72 mg/kg; i.p.) and evaluated for total limb axial and 

orolingual (LAO), and locomotor AIMs scores.  All injections were administered with the dopa 

decarboxylase inhibitor benserazide (14 mg/kg; i.p.) to prevent peripheral conversion of L-DOPA to DA

and to mimic clinical therapy of human PD patients; injections were given once daily throughout the 

duration of the study.  AIMs were tested twice per week (3 days between each testing session). 

AIMs were assessed by an observer blind to treatment condition, using an adapted version of the 

Abnormal Involuntary Movement Scale (Cenci et al., 1998), previously described by Paquette et al. 
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(2010) and in our previous publications (Bartlett et al., 2016, 2020; Flores et al., 2014, 2018).  Briefly, 

each animal was rated on a scale of 0 (absent) to 4 (most severe) on each of four subscales (limb 

dyskinesia, axial dystonia, oral dyskinesia, and contraversive rotation).  Limb, axial, oral, and 

locomotor type AIMs were based on 1-minute observation intervals conducted every 20 minutes for 

180 minutes after administration of drugs.  Specifically, for limb dyskinesia, a rating of 1 indicated 1 

discrete period of abnormal movement, 2 indicated 3 or more discrete periods of abnormal movement, 

and 3-4 indicated continuous abnormal movement, with 4 indicating that AIMs could not be interrupted

by a loud tap on the test cage.  For axial dystonia, a rating of 1 indicated a contralateral bias in head 

orientation, 2 indicated a contralateral bias in head and upper body orientation, and 3-4 indicated a 

severe contralateral bias in head and upper body orientation (i.e., head above the tail in a four-paw 

stance), with 4 indicating loss of balance (i.e., falling).  For oral dyskinesia, a rating of 1 indicated 2-3 

bouts of mastication, 2 indicated more than 3 bouts of mastication, and 3-4 indicated continuous 

mastication, with 4 indicating the presence tongue protrusions.  For L-DOPA-induced contraversive 

rotation, a rating of 1 indicated 2-3 contraversive turns, 2 indicated more than 3 contraversive turns, 

and 3-4 indicated continuous contraversive rotation, with a 4 indicating that these could not be 

interrupted by a loud tap on the cage.  When ipsiversive rotation was observed, this was rated 

identically to contraversive rotation, except a negative score was provided to indicate contraversive 

directionality.  Limb, axial, and oral subscale scores were summed to create a composite LAO AIMs 

score, while Locomotor AIMs scores were considered separately from LAO scores.  Total scores for 

AIMs, as well as for each subscale, were summed over the entire duration of the experiment (180 

minutes).
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4.2.9 Drugs and administration protocols 

In each study (functional restoration and LID-development), there were two independent groups 

(vehicle/control and nor-BNI).  Assignment of animals to vehicle vs. experimental groups was based on

post-lesion baseline performance in the AR test and also the cylinder and FAS test with the intention to 

balance the baseline motor functionality as much as possible between the groups prior to the 

commencement of testing (see Figure 1) with the intention of balancing the groups equally according 

to their level of motor deficit, which is in turn correlated to the severity of nigrostriatal degeneration 

and DA depletion.  L-DOPA (levodopa; L-3,4-dihydroxyphenylalanine methyl ester hydrochloride), 

benserazide hydrochloride (D,L-serine 2-(2,3,4-trihydroxybenzyl) hydrazide hydrochloride) were 

purchased from Sigma-Aldrich, St. Louis, MO.  Nor-binaltorphimine (nor-BNI) was purchased from 

Tocris Bioscience (Minneapolis, MN). In both the LID development and functional restoration 

paradigms, nor-BNI was administered subcutaneously (s.c.) at a concentration of 3 mg/kg three times 

per week, a dose that leads to long-term KOR antagonism in rodents (Navratilova et al., 2019).  In the 

LID-development paradigm, nor-BNI was initially administered three days in advance of the 

commencement of L-DOPA administration, and three times per week to ensure complete ongoing 

blockade of KORs prior to AIMs testing.  Nor-BNI was administered simultaneously with L-DOPA on 

testing days, L-DOPA and nor-BNI were administered at the beginning (t = 0 min) of testing. 

4.2.10 Electrochemical measurement of DA and 5-HT and metabolites

Rat brains were placed in chilled Tris buffer (pH = 7.4, 15 mM Tris, 125 mM NaCl, 2.5 mM KCl, 2 

mM CaCl2) and gently agitated for approximately 30 s to remove any contaminants and then placed in 

a chilled brain block.  Coronal brain slices were then collected and a 2 mm steel biopsy punch was 
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taken to sample tissue from the striatum.  Samples from left and right hemispheres were collected and 

immediately flash frozen on an aluminum pan placed in liquid nitrogen -70 °C.  Samples massed at 2.5 

± 0.5 mg, were then placed in 1.5 mL homogenization vials with 100 L of 0.1 N HClO4 (aq), 

manually homogenized (15 strokes) using a disposable pestle and stored at -80 °C for up to 2 weeks 

prior to analysis.  High performance liquid chromatography with electrochemical detection (HPLC-EC)

was subsequently used to separate and quantify DA, 3,4-dihydroxyphenylacetic acid (DOPAC), 

serotonin, and 5-hydroxyindoleacetic acid (5-HIAA).

 

4.2.11 Sectioning and immunohistochemical staining (functional restoration study)

Following behavioral analysis in the functional restoration study, immunohistochemical analysis was 

performed to verify the extent of the 6-OHDA lesioning in half of the animals in the Restoration study, 

as described in detail in prior work (Flores et al., 2018; X. Yue et al., 2011, 2014).  Animals underwent 

perfusion-fixation using cold 4% paraformaldehyde, brains were dissected, and further fixed overnight 

in 4% paraformaldehyde.  40-micron sections through the substantia nigra and the striatum were 

obtained using a microtome (Leica Biosystems Nussloch GmbH) and mounted on standard glass slides 

(Fisher Scientific).  Next, the sections were stained with a rabbit anti-TH primary antibody (1:10,000 

for 24 hours at 4°C; Millipore) and a biotinylated donkey anti-rabbit immunoglobulin G secondary 

antibody (1:1,000 for 2 hours at RT; Millipore).  To eliminate nonspecific binding prior to 

immunostaining endogenous peroxidase activity was blocked using 0.3% H2O2 for 30 min at room 

temperature (RT), the slides were then washed 3 times for 5 min with Tris buffer (pH = 7.6) and 

submerged in blocking solution (1% normal donkey serum, 0.1% Triton-X-100, Tris-HCl buffer, pH 

7.6) for 2 hours at RT.  The signal from the secondary antibody was amplified using the ABC reagent 

(Vectastain Elite ABC Kit, PK-6100) according to the manufacturer's protocol.  We used DAB substrate
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(Vector Laboratories, Burlingame, CA) as the chromogen for final visualization of TH 

immunoreactivity.  Densitometry analysis of the total area of detected objects (total pixels2) in a 480 × 

480 pixel region of the mediolateral SN (3 sections/rat) was conducted by a blinded investigator with 

ImageJ software (vs.2.0.0-rc-69/1.52p, http://rsbweb.nih.gov/ij/) according to an established protocol

(Bartlett et al., 2020; Kneynsberg et al., 2016).

4.2.12 Fast-ccan controlled adsorption voltammetry (FSCAV)

Electrodes: Carbon-fiber microelectrodes (CFMEs) were fabricated as previously described, with 

minor modifications (Gee et al., 2020). A single carbon fiber (7.1 μm diameter, AS4 12K, Hexcel, 

Stamford, CT) was aspirated into a glass capillary and pulled with a vertical micropipette puller 

(Narishige, Tokyo, Japan).  The exposed carbon fiber was cut to a length of 70 μm with a scalpel under 

a Micromaster brightfield microscope (12−561B, Fisher Scientific, Hampton, NH).  A silver wire 

(Kauffman Engineering, Cornelius, OR), coated with alcohol-based graphite conductive adhesive 

(42465, Alfa Aesar, Ward Hill, MA), was inserted into the back end of the glass capillary.  Epoxy 

adhesive (Henkel Corp., Rocky Hill, CT) was applied to the wire-capillary interface and allowed to dry

overnight.  Each CFME was then coated with 3,4-ethylenedioxythiophene:Nafion (PEDOT:Nafion) to 

increase dopamine sensitivity and selectivity (Vreeland et al., 2015).  Ag/AgCl-wire reference 

electrodes were prepared by soaking 0.25 mm-diameter silver wire (265578, Sigma-Aldrich, St. Louis, 

MO) in 8.25% sodium hypochlorite (The Clorox Company, Oakland, CA) for 24 hours.

Surgery: Rats were induced with 4% isoflurane gas and an air flow rate of 1.5 L/min.  Rat body 

temperature was maintained with a water-circulating heating pad (T/Pump, Stryker, Portage, MI).  A 
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bipolar stimulating electrode (Plastics One, Roanoke, VA) was implanted in the medial forebrain 

bundle (AP: -2.5 mm, ML: 1.7 mm, DV: -7.0 to -7.9 mm from bregma), a Ag/AgCl-wire reference 

electrode was implanted in the contralateral hemisphere, and a CFME working electrode was implanted

in the dorsolateral striatum (DLS) (AP: 1.0 mm from bregma, ML: 3.2 mm from bregma, DV: -3.8 to -

4.0 mm from brain surface).  The final dorsoventral depth of the CFME was determined by maximizing

stimulated dopamine release in the DLS.  Following final electrode placement, tonic dopamine levels in

the DLS were measured using fast-scan controlled adsorption voltammetry (FSCAV) (Atcherley et al., 

2013).  FSCAV was performed until a stable baseline was established (typically 30-60 minutes).  

Following baseline stability, FSCAV was performed for 10 minutes prior to injection of saline or nor-

BNI (3 mg/kg) and continued for the remainder of the 5-hour experiment.

Histology: Placement of the CFME working electrode was confirmed according to Gee et al., 2020 

with the addition of cresyl violet staining.  Following experimentation, electrolytic lesions were made 

with the working electrode and the animals were euthanized via isoflurane overdose and cervical 

dislocation.  Brains were immediately post-fixed in 10% formalin and sectioned at 40 microns through 

the DLS on a cryostat (CM1850, Leica Biosystems, Buffalo Grove, IL).  Sections were then stained 

with cresyl violet to improve visualization.  The CFME was located within the DLS in each 

experiment, therefore all animals were included in the analysis.  Representative histological verification

shown in Figure 6A.  Lesioning was not required for verification of the stimulating electrode position 

in the MFB.  
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4.2.13 Statistical analysis

All statistical analyses were performed with GraphPad Prism 8 (GraphPad Software, La Jolla, CA).  

The TH-ir analysis was done using a one-way ANOVA with Tukey’s multiple comparisons post hoc 

tests.  Two-way ANOVA was used to compare striatal DA, DOPA, 5-HT, and 5-HIAA content in 

lesioned and intact hemispheres of nor-BNI and vehicle/control animals.  For the AR, cylinder, FAS, 

and VSFP tests, two-way repeated measures ANOVA tests were used to compare the nor-BNI and 

vehicle/control groups across all postlesion experimental timepoints; separate two-way ANOVA tests 

were used to compare prelesion and postlesion baseline scores.  Within the LID development paradigm,

two-way repeated measures ANOVAs were used to compare AIMs scores between nor-BNI and vehicle

control groups across all experimental timepoints.  Cumulative AIMs scores for each of the L-DOPA 

concentrations (6, 12, 24, 48, 72 mg/kg) were compared between control and nor-BNI groups using 

two-tailed paired sample t-tests.  For the FSCAV analysis, a repeated measures two-way ANOVA (with 

Bonferroni post hoc tests) was used.  For all statistical analyses, two-tailed tests were performed to 

compare null and alternative hypotheses and the alternative hypothesis was rejected when p < 0.05.  All

graphs have plotted the sample mean ± SEM (std. error of mean).

4.3  Results

4.3.1 Functional restoration study: Post hoc analyses to verify unilateral 6-OHDA lesion

In post hoc analyses for the functional restoration study, a significant reduction in nigral TH 

immunoreactivity (Figure 2A) was observed in both vehicle/control (n = 5) and nor-BNI (n = 4) groups

relative to the intact hemisphere, verifying successful development of a unilateral lesion of the 

nigrostriatal tract (F[3, 14] = 25.92, two-tailed p < 0.0001, one-way ANOVA).  Tukey’s multiple 

comparisons pos hoc tests revealed significant reductions in TH-ir (vehicle intact vs. vehicle lesion: 
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mean diff. = 380.5, q = 7.656, df = 14, two-tailed p < 0.0005; nor-BNI intact vs. nor-BNI lesion: mean 

diff. = 533.7, q = 9.605, df = 14, two-tailed p < 0.0001) as shown in Figure 2B.  There was no 

significant difference in TH-ir between vehicle and nor-BNI intact hemispheres nor was there a 

significant difference between vehicle and nor-BNI lesioned hemispheres (vehicle intact vs. nor-BNI 

intact: mean diff. = -157.1, q = 2.980, df = 14, two-tailed p = 0.1985; vehicle lesion vs. nor-BNI lesion: 

mean diff. = -3.870, q = 0.07341, df = 14, two-tailed p > 0.9999), indicating that the two groups were 

balanced in their levels of DA depletion prior to testing.  Normalized TH-ir (% lesion/intact) was not 

significantly different between vehicle (mean = 28.086 , SEM = 7.570) and nor-BNI (mean = 20.9075, 

SEM = 3.518) groups, indicating that animals were assigned to control and nor-BNI groups such that 

the two groups were balanced in their average level of DA denervation prior to testing (unpaired t-test, 

t = 0.7869, df = 7, two-tailed p = 0.4571).  The same was true for the remainder of the animals in the 

vehicle/control (n = 4) and nor-BNI (n = 4) groups where analysis of DA, DOPAC, 5-HT, and 5-HIAA 

content in lysates sampled post hoc from striatal tissue revealed significant reduction in levels of DA 

(F[1 ,12] = 8.192, two-tailed p = 0.0146, two-way ANOVA) and DOPAC (F[1, 12] = 12.58, two-tailed p = 

0.0040, two-way ANOVA) levels between the lesioned and intact hemispheres (Figures 2C and D), 

while 5-HT (F[1, 12] = 2.553, two-tailed p = 0.1361, two-way ANOVA) and 5-HIAA (F[1, 12] = 0.3154, 

two-tailed p = 0.5847, two-way ANOVA) levels remained unaltered by the 6-OHDA lesion as shown in

Figures 2E and F.
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4.3.2 Treatment with nor-BNI did not improve motor deficits in the PD functional 
restoration paradigm

Analysis of the behavioral data from the AR, cylinder, FAS, and VSFP tests failed to detect any 

significant restorative effect of nor-BNI on parkinsonian motor deficits (Figure 3).  For the AR, 

cylinder, FAS, and VSFP tests, two-way repeated measures ANOVA tests were used to compare the 

nor-BNI (n = 8) and vehicle/control (n = 8-9) groups across all postlesion experimental timepoints.  For

the assays that had prelesion baseline scores, separate two-way ANOVA tests were performed to 

compare prelesion and postlesion baseline scores, which, as expected, showed a marked reduction 

following the unilateral 6-OHDA lesion.  Two-way repeated measures ANOVA was used to compare 

the average number of rotations per minute between control and nor-BNI groups in the AR test across 

all postlesion timepoints (Figure 3C).  This analysis revealed that there was no significant difference 

between control and nor-BNI groups in the FAS test (F[4, 56] = 0.3432, two-tailed p = 0.8477).  Two-way

repeated measures ANOVA was used to compare forelimb touching bias scores from the cylinder test 

between vehicle/control (n = 8) and nor-BNI (n = 8) groups across all timepoints in the study.  The 

analysis revealed that there was no significant difference in forelimb touching bias in the cylinder test 

between control and nor-BNI groups (F[4, 56] = 0.8483, two-tailed p = 0.5007) as shown in Figure 3B.  

Two-way repeated measures ANOVA was used to compare the proportion of motor-defective forelimb 

steps to total steps taken in the FAS test across all postlesion timepoints (Figure 3C). This analysis 

revealed that there was no significant difference between control and nor-BNI groups in the FAS test 

(F[4, 56] = 0.8609, two-tailed p = 0.4931).  Finally, a two-way repeated measures ANOVA was used to 

compare the proportion of reflexive touch responses elicited on the motor-defective left side to the 

intact right side across all postlesion timepoints in the VSFP test (Figure 3D).  This analysis revealed 
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that there was no significant difference between control and nor-BNI groups in the VSFP test (F[4, 56] = 

1.456, two-tailed p = 0.2269). 

4.3.3 LID development study: Post hoc analyses to verify unilateral 6-OHDA lesion

In the LID development study, post hoc HPLC-EC analysis was used to measure striatal concentrations 

of DA, DOPAC, 5-HT, and 5-HIAA in lysates derived from striatal tissue samples.  Two-way ANOVA 

revealed that DA (Figure 4A) and DOPAC (Figure 4B) levels were significantly reduced in the 

lesioned versus the intact hemisphere (DA lesion vs. intact: F[1 ,22] = 31.31, two-tailed p < 0.0001; DOPAC lesion 

vs. intact: F[1 ,22] = 25.56, two-tailed p < 0.0001), thus verifying the successful development of the unilateral

6-OHDA lesion in animals, but that this reduction was not significantly different between nor-BNI and 

vehicle/control groups (DA vehicle vs. nor-BNI: F[1 ,22] = 1.458, two-tailed p = 0.2400; DOPAC vehicle vs. nor-BNI: 

F[1 ,22] = 9.876e-005, two-tailed p = 0.9922).  This demonstrates that, as intended, animals were 

appropriately assigned to control and experimental groups, such that DA depletion was balanced 

between the two groups before commencing levodopa-therapy.  By contrast, levels of 5-HT and 5-

HIAA (Figure 4C and 4D) between the lesioned and intact hemispheres were unaltered by the 6-

OHDA lesion (5-HT: F[1 ,22] = 0.001239, two-tailed p = 0.9722; 5-HIAA: F[1 ,22] = 0.8918, two-tailed p = 

0.3553) indicating that the lesion was specific to dopaminergic neurons.   

4.3.4 Treatment with nor-BNI accelerated the development of L-DOPA-induced AIMs in 
the model of prolonged LID-development utilizing chronic escalating doses of L-DOPA

We evaluated the effect of nor-BNI administration (3 mg/kg; s.c.) on the dose- and time-dependent 

development of abnormal voluntary movements (AIMs) in response to chronic escalating doses of L-

DOPA treatment in a mild unilateral striatal 6-OHDA lesion rat LID model (~60% DA depletion).  
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Within this mild-dyskinesia paradigm, independent nor-BNI and vehicle-treated groups (n = 6-7) were 

tested multiple times (2-4 times) across 5 escalating dose phases of L-DOPA (6, 12, 24, 48, 72 mg/kg; 

i.p) and evaluated for total limb axial and orolingual (LAO; Figure 5A), and locomotor (Figure 5B) 

AIMs scores under blinded conditions. 

When cumulative AIMs scores were analyzed separately according to L-DOPA dose, we 

discovered that nor-BNI increased the expression of LAO AIMs (Figure 5C) at the 12 (paired sample 

t-test, t = 2.466, df = 23, two-tailed p = 0.0215) and 24 mg/kg (paired sample t-test, t = 2.473, df = 23, 

two-tailed p = 0.0366) L-DOPA doses.  At the end of the escalation paradigm, after the 72 mg/kg L-

DOPA dose, AIMs scores were the same in both groups (paired sample t-test, t = 0.1306, df = 11, p = 

0.8985), suggesting that nor-BNI accelerates the rate of development of L-DOPA-induced AIMs, but 

does not increase the overall severity of AIMs once LID is fully established.  When cumulative total 

locomotor AIMs scores were analyzed (Figure 5D) separately according to L-DOPA dose at the 12, 24 

and 72 mg/kg doses locomotor AIMs were equal.  In summary, nor-BNI significantly accelerated the 

rate of development of LAO but not locomotor AIMs induced by chronic, escalating doses of L-DOPA 

in a mild striatal lesion rat PD model, but did not increase either AIMs once LIDs were fully 

established.

4.3.5 Systemic treatment with nor-BNI did not alter tonic levels striatal dopamine

Tonic levels of DA were measured in the DLS using FSCAV following administration of nor-BNI (3 

mg/kg, s.c.) in anesthetized naïve animals (Figure 6A-C).  A two-way repeated measures analysis of 

data recorded from animals in the vehicle/control (n = 5) and nor-BNI (n = 8) groups revealed that nor-
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BNI administration did not alter tonic DA levels (F[1,9889] = 0.05529, two-tailed p = 0.8184).  Bonferroni 

post hoc tests yielded p > 0.05 at all timepoints following nor-BNI administration.

4.4 Discussion

The opioid neurotransmission system is prominent in the basal ganglia. Endogenous opioid peptides 

and their precursors are highly expressed within the basal ganglia where they are modulators of GABA,

DA, and glutamate neurotransmission (Fox et al., 2006; Fox & Brotchie, 2011).  Several lines of 

evidence suggest that κ-mediated opioid signaling is overactive in LID.  In the unilateral 6-OHDA 

lesioned rat model of LID, the severity of AIMs correlates strongly with levels of striatal PPE-B 

mRNA, which encodes endogenous ligands for KORs (Cenci et al., 1998).  Another study, showed that 

striatal PPE-B mRNA levels were increased in both MPTP-lesioned macaques and PD patients with 

LID (Henry et al., 2003).  Several other studies have shown that striatal levels of dynorphin are 

positively correlated with LID (Sgroi et al., 2016).  Additionally, MALDI-TOF imaging mass 

spectrometry showed that levels of dynorphin B and alpha-neoendorphin in the SN are strongly 

correlated with the severity of AIMs in the 6-OHDA rat model of LID (Ljungdahl et al., 2011).  

Furthermore, [35S]GTPγS binding indicated hyperactive KOR signaling in the caudate nucleus and 

motor cortex in a nonhuman primate model of LID (Chen et al., 2005).  Despite this evidence, 

however, antagonizing KORs with nor-BNI failed to reduce levodopa-induced abnormal involuntary 

movements in primates with established LID (Henry et al., 2001). 

With regard to KORs, Aubert et al. (2007) found that they were unaltered in MPTP-lesioned 

primates, but that their expression was reduced in the globus pallidus exterior (GPe) and globus 

pallidus interior (GPi) following chronic L-DOPA administration.  In contrast, κ-opioid receptor 

expression was decreased in the striatum and SN, but unaltered in the GP, of 6-OHDA-lesioned rats 
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that expressed AIMs in response to L-DOPA compared with non-dyskinetic animals (Johansson et al., 

2001).  Furthermore, activation of KORs with the selective κ-receptor agonist U50,488 reduced AIMs 

in the 6-OHDA rat model of LID and dyskinesia in MPTP-lesioned squirrel monkeys but also reversed 

the anti-parkinsonian effect of L-DOPA worsening motor behavior (Cox et al., 2007). On the basis of 

this evidence, we investigated effects of antagonizing KOR-opioid signaling in two rodent models of 

PD, testing the ability of the KOR-antagonist nor-BNI to a) functionally restore motor functionality in a

PD restoration study and b) to explore the efficacy of nor-BNI in the 6-OHDA rat model of LID 

development, to test if nor-BNI either accelerates or attenuates the development of LID.

It has been established that nor-BNI selectively blocks KOR signaling, i.e. as KOR signaling is 

known to encode dysphoria, which nor-BNI was able to block in an experimental murine model (Land 

et al., 2008), and that KOR agonists induce dysphoric and aversive states (Xuei et al., 2006).  Pain-

induced negative affect is also mediated by activation of the kappa/dynorphin system in the NAc

(Massaly et al., 2019).  There has also been a great deal of work done testing the influence of KOR 

transmission associated with clinical depression, and within the context of withdrawal from opioid 

addiction and other substances of abuse (Chavkin & Koob, 2016; Knoll & Carlezon, 2010; Laurence 

Lalanne et al., 2014).  Dynorphin is also thought to play a significant non-opioid role in response to 

injury, being upregulated and mediating a secondary damaging inflammatory response (Hauser et al., 

2005).  We found that nor-BNI accelerated the development of L-DOPA-induced AIMs using a 

paradigm of prolonged gradual LID development, yet it did not worsen LID once fully established, the 

latter replicating what has been shown in the primate model of established LID (Henry et al., 2001).

Intrastriatal 6-OHDA administration induces damage of dopaminergic terminals, followed by a 

delayed, progressive loss of the dopaminergic neuron cell bodies in the SN, which are then secondarily 

affected through a dying-back phase. Taking this into account, we allowed 3-4 weeks for the striatal 

lesions to develop, to not interfere our assessment of nor-BNI’s effects with this confounding variable. 
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Because terminals in the striatum are spatially diffuse relative to the densely bundled axons which 

travel between the SNc and striatum (included within the medial forebrain bundle tract), striatal 

administration of 6-OHDA causes a milder level of degeneration relative to more commonly-used 

lesions of the medial forebrain bundle, which cause severe (>90%) DA cell loss.  For the functional 

Restoration study, we selected a lesion severity to realize ~75% DA depletion, which is generally 

accepted as the level of cell loss required for motor deficits to appear in human PD patients.  This leads 

to a sufficient level of motor dysfunction in order to measure any acute motor-restorative effects of nor-

BNI, and the 25% remaining DA terminals would allow for any possible effects of nor-BNI on striatal 

DA release, as it has been shown for NAc and dorsomedial striatum (Di Chiara & Imperato, 1988; 

Gehrke et al., 2008).  In the experimental paradigms to test LID development, in addition to electing to 

utilize striatal lesions, we also used an even lower amount of 6-OHDA, to realize an even milder lesion 

of ~60% DA depletion, to assure enough functional DA activity remained.  This is different from the 

severe MFB lesions, that model later PD stages and are the standard for the rat LID model, where 

development of LID can be induced by low L-DOPA doses, typically 6 mg/kg.  Striatal lesions are 

typically not used for studies of LID because in this case very high doses of L-DOPA must be 

administered in order to induce AIMs.  In paradigms using DA-depletion, L-DOPA doses as high as 50-

100 mg/kg or more have been used to induce AIMs without toxicity (Engber et al., 1991; Ishida et al., 

2000).  The accelerated LID development seen could provide evidence in support of the hypothesis that

nor-BNI causes a functional increase in DA levels within the dorsolateral striatum (DLS), as a rise in 

tonic DA within the motor part of the striatum would act to correct the imbalance between the direct 

and indirect striatal output pathways, which is a fundamental tenet of PD pathology.  Alternatively, 

opioid modulation of signaling downstream of DA could underlie the effects of nor-BNI to accelerate 

development of LID.  Our follow-up FSCAV experiment in naïve animals showed that systemic nor-

BNI did not change tonic DA levels in the DLS over the course of the 5-hour experiment.  This argues 



160

against direct effects of nor-BNI on tonic DA levels in the DLS, but rather points to -opioid modulation

of downstream signaling due to the block of KORs, which should be explored in detail in future 

studies.  Our data further support involvement of KORs in LID, and indicate that KOR agonism could 

be especially effective early on in the beginning stages of the development of LID.  On the other hand, 

the liability of KOR agonists is a concern, and might limit clinical use, specifically, in light of its role in

driving aversion, negative affective states, stress-induced alterations in motivated behavior and 

cognition, as well as psychotomimetic effects (as reviewed in Tejeda & Bonci, 2019).  Other recent 

studies have explored modulation of opioid signaling, including -opioid signaling, rather with dually 

acting compounds or within a combination treatment, i.e. the mixed κ-opioid receptor agonist/μ-opioid 

receptor antagonist nalbuphine did reduce LID in dyskinetic non-human LID primates (Potts et al., 

2015).  Further, a recent study did show that the novel molecule DPI-289, a mixed δ-opioid agonist/μ-

opioid receptor antagonist, was anti-dyskinetic in both rodent and non-human primate LID models

(Johnston et al., 2018).  While a MOR antagonist with low selectivity reduced LID (Koprich et al., 

2011), two highly-selective MOR antagonists did not (Bartlett et al., 2020; Bezard et al, 2020), and 

rather a MOR agonist showed anti-dyskinetic activity (Bezard et al., 2020).  Together this indicates that

more than one opioid receptor modulation might be needed for a successful anti-LID strategy. 

In conclusion, our data indicate that while blocking KOR signaling did neither change PD motor 

dysfunction, nor established LID, it accelerated the development of LID in a rodent model of mild PD, 

further indicating -opioid signaling as an important player in the dysregulated neurotransmission within

the basal ganglia in PD.
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4.6 Figures

Figure 1. Experimental designs. (A) Functional restoration paradigm: We evaluated the potential of 

nor-BNI administration (3 mg/kg; s.c.) to restore motor functionality in a mild unilateral striatal 6-

OHDA lesion rat model (~70% DA depletion).  Within this paradigm, nor-BNI and vehicle-treated 

groups (n = 8-9) were tested multiple times using the amphetamine-induced rotations (AR) rotations 

test, the cylinder test, FAS test, and VSFP test to assess motor functionality.  (B) LID development 

paradigm: We evaluated the effect of nor-BNI administration (3 mg/kg; s.c.) on the dose- and time-

dependent development of abnormal involuntary movements (AIMs) in response to chronic escalating 

doses of L-DOPA treatment in a mild unilateral striatal 6-OHDA lesion rat LID model (~60% DA 
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depletion).  Within this mild-dyskinesia paradigm, independent nor-BNI and vehicle/control groups (n 

= 6-7) were tested multiple times (2-4 times) across 5 escalating doses of L-DOPA (6, 12, 24, 48, 72 

mg/kg; i.p.) and evaluated for total limb axial and orolingual (LAO), and locomotor AIMs scores under

blinded conditions.



163



164

Figure 2. Functional restoration study post hoc verification unilateral 6-OHDA-lesion.  The 

presence of unilateral lesions was verified using tyrosine hydroxylase (TH) immunoreactivity (TH-ir)  

as a marker of dopaminergic neurons in the substantia nigra for a subset of animals (A and B), and 

electrochemical measurement of striatal DA and DOPAC concentrations for the remaining animals (C-

F).  The photomicrograph in (A) shows representative TH-ir in the substantia nigra (upper panel: 6-

OHDA Lesion; lower panel: Intact) used for image analysis.  The graph in (B) has plotted normalized 

TH-ir (% lesion/intact) and shows ~75% reduction on the lesioned side (n = 4-5).  In accordance with 

our mild unilateral 6-OHDA lesion paradigm, concentrations of striatal DA and its metabolite DOPAC 

measured with HPLC-EC (n = 4) were reduced by approximately 70 to 75% respectively in the 

lesioned striatum, while concentrations of serotonin (5-HT) and the serotonin metabolite 5-HIAA 

remained unaltered (E and F).  Mean values ± SEM are plotted; * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3. Functional restoration study: Behavioral analysis.  (A) Amphetamine-induced rotations 

(AR) analysis failed to detect an effect of nor-BNI (3 mg/kg; s.c.) on the number of parkinsonian 

ipsilateral rotations per minute performed by the animals following amphetamine (5 mg/kg; i.p.) 

administration during timepoints following baseline (BL).  Nor-BNI also did not show any motor-

restorative effect in (B) FAS, (C) cylinder, nor (D) VSFP tests (preLx = prelesion; postLx = postlesion).

Mean ± SEM, two-way repeated measures ANOVA, n = 8-9, **** p < 0.0005; n.s. = not significant. 
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Figure 4. LID Development Study: Post hoc validation of extent of 6-OHDA-lesion.  

Electrochemical measurement of striatal DA concentrations was performed to verify levels of DA 

depletion associated with the unilateral 6-OHDA lesion.  In accordance with our mild unilateral 6-

OHDA lesion paradigm, concentrations of striatal DA (A) and its metabolite DOPAC (B) measured 

with HPLC-EC were reduced by approximately 50-60% in the lesioned striatum. Concentrations of 

serotonin (5-HT) shown in (C) and the serotonin metabolite 5-HIAA (D) remained unaltered.  Mean 

values ± SEM are plotted, n = 6-7; * p < 0.05, ** p < 0.01. 
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Figure 5. Treatment with nor-BNI accelerated the development of LAO and Locomotor AIMs. 

Animals were treated with gradually increasing doses of L-DOPA (6, 12, 24, 48, & 72 mg/kg).  (A) 

Limb Axial Oral composite and (B) Locomotor AIMs scores obtained across the duration of the study. 

Two-way repeated measures ANOVA revealed that there was no significant effect of nor-BNI on single 

treatment days.  Bar plots indicate mean values ± SEM; n = 6-7.  (C) Cumulative total LAO AIMs 

scores were analyzed separately according to L-DOPA dose, and showed that nor-BNI increased the 

expression of LAO AIMs only at the 12 mg/kg and 24 mg/kg L-DOPA doses during LID development. 
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At the 72 mg/kg L-DOPA dose, LAO AIMs scores were not different between the two groups, 

suggesting that nor-BNI accelerates the rate of LID development but does not change LAO AIMs 

expression once LID is fully established. (D) Cumulative total Locomotor AIMs scores were analyzed 

separately according to L-DOPA dose.  Locomotor AIMs were not significantly different between 

groups at 12, 24 and 72 mg/kg L-DOPA doses.  Bar plots indicate mean values ± SEM, * p < 0.05.
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Figure 6. Subcutaneous injection of nor-

BNI (3 mg/kg) does not alter tonic 

dopamine levels in the DLS. (A) 

Representative DLS recording locations 

included in dopamine analysis.  Normalized 

tonic dopamine levels, determined using 

FSCAV, after subcutaneous injection of (B) 

saline or (C) nor-BNI.  Mean ± SEM is 

plotted; n = 5 rats (saline), n = 8 rats (nor-

BNI); dotted line at 10 min represents 

injection time.  A two-way repeated measures 

ANOVA showed no significant effect of 

subcutaneous nor-BNI on tonic dopamine 

levels in the DLS (F1,9889 = 0.05529, p = 

0.8184).  Bonferroni post hoc test: p > 0.05 at

all timepoints.
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Chapter 5: Discussion and Conclusions

5.1 Introduction

Levodopa-induced dyskinesia (LID) remains a critical complication in the treatment of PD.  Dopamine 

replacement therapy relying on the dopamine precursor levodopa is the most common and practical 

treatment for PD, however, chronic levodopa use is associated with the development of debilitating 

motor fluctuations and LID.  PD affects 1 in every 100 people over the age of 60 (Tanner & Ben-

Shlomo, 1999) and the number of afflicted individuals is set to rise as the population age continues to 

increase (Dorsey et al., 2007).  Therefore, there is an important need for the development of novel 

pharmacological therapies for PD and LID.  

The data presented in this dissertation were derived from preclinical neurobehavioral studies 

investigating the effects of drugs targeting NMDA and opioid receptors in the context of LID and PD 

utilizing the standard unilateral 6-OHDA lesion rat model of PD.  A common, recurring theme in 

several of our studies was to take advantage of the differential expression of dopamine receptor 

subtypes and their co-expressed opioid peptides and receptors within the direct and indirect striatal 

output pathways in an attempt to identify the locus of drug action within these pathways.  The activities

of the direct and indirect striatal pathways have opposing effects on movement that are differentially 

dysregulated in PD and LID (Obeso, Rodriguez-Oroz, et al., 2000).  Striatal MSNs belonging to the so-

called ‘direct’ striatonigral output pathway selectively express D1 dopamine receptors and co-express 

opioid peptide co-transmitters dynorphin derived from PPE-B (Fallon et al., 1985), while those 

belonging to the ‘indirect’ striatopallidal output pathway express D2 dopamine receptors and 

enkephalins derived from PPE-A  (Cuello & Paxinos, 1978; Gerfen & Young, 1988).  Thus, in utilizing 

DA receptor agonists selective for D1 or D2 dopamine receptor subtypes, we were able to isolate AIMs 
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arising through independent activation the direct output pathway from those arising through inhibition 

the indirect output pathway. 

5.2 NMDA neurotransmission in PD and LID

Preclinical studies utilizing rats and primates had previously shown that selective NMDA receptor 

antagonists, such as MK-801, reduce LID but worsen parkinsonism (Gomez-Mancilla & Bedard, 1993; 

Papa & Chase, 1996; Paquette et al., 2010; Rupniak et al., 1992).  Amantadine is, among other 

activities, also a weak NMDA receptor antagonist that is already approved for the treatment of LID, 

however, it only helps some patients and is associated with inconvenient side effects including 

hallucinations and confusion (Paci et al., 2001).  We also recently showed that ketamine has not only 

antidyskinetic long-term effects in the 6-OHDA rat preclinical model of LID, but also an acute 

antiparkinsonian activity (Bartlett et al., 2016; Bartlett, So, et al., 2020).  

In Chapter 2, we present data showing differential effects of the highly-selective non-

competitive NMDA receptor antagonist MK-801 on D1- and D2-receptor induced hyperkinetic AIMs 

in the unilateral 6-OHDA lesioned rat preclinical model of LID.  Specifically, we show that AIMs 

induced by a selective D2 receptor agonist (quinpirole) could be suppressed by MK-801, while AIMs 

elicited by the selective D1 receptor agonist SKF85719 were actually increased by a small effect size 

by MK-801 administration (Flores et al., 2014).  This finding is important because it investigated the 

role of NMDA receptor-mediated glutamate transmission in the expression of hyperkinetic AIMs 

induced separately by 1) activation of the ‘direct’ striatonigral output pathway, using a selective D1 

receptor agonist (SKF85719), and 2) inhibition of the ‘indirect’ striatopallidal output pathway, using a 

selective D2 receptor agonist (quinpirole).  Previously, in the same preclinical 6-OHDA rat model of 

LID, it had been shown that hyperkinetic AIMs induced by chronic administration of levodopa (i.e., 
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LID), which is thought to arise through activation of both D1 and D2 receptor subtypes, could be 

suppressed by MK-801, but only at concentrations that were also pro-parkinsonian (Paquette et al., 

2010).  We were able to successfully replicate this same effect before investigating the effects of MK-

801 on AIMs induced by selective DA receptor agonists independently (Flores et al., 2014).  These 

results are presented in Chapter 2.  Then, in Chapter 3, we searched for an interaction between 

glutamate and opioid transmission by studying the combined effects of MK-801 and a mixed δ/μ-

activating glycopeptide MMP-2200 (lactomorphin) in the same preclinical model of LID as published 

in (Flores et al., 2018). 

5.3 Opioid neurotransmission in PD and LID

We now turn to a discussion of altered opioid transmission in LID and PD as Chapters 2 and 3 present 

data from experiments that evaluated the effects of experimental opioid compounds in preclinical 

models of PD and LID.  First, in Chapter 3, we present data from experiments evaluating the effects of 

MMP-2200 (lactomorphin), a synthetic glycopeptide with mixed δ/μ opioid receptor activity in a 

preclinical model of LID; and as mentioned above, we also tested MMP-2200 in combination with 

MK-801 (Flores et al., 2018).  Then in Chapter 4, we present data from experiments that evaluated the 

effects of the κ-opioid receptor selective antagonist nor-BNI in two unique preclinical experimental 

paradigms: 1) an LID prevention paradigm and 2) a functional restoration paradigm.

Opioid neurotransmission is prominent in the basal ganglia.  Endogenous opioid peptides and 

their precursors are widely expressed in the basal ganglia where they are modulators of GABA, DA, 

and glutamate neurotransmission (Fox et al., 2006).  Additionally, all three subtypes of opioid receptor

—μ (MORs), δ (DORs), and κ (KORs)—are expressed at high density in the striatum, and are co-

localized on GABAergic striatal projection MSNs and are also expressed in nuclei receiving input from
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the striatum.  Striatal MSNs are segregated according to their differential expression of dopamine 

receptor subtype and corresponding opioid peptide co-transmitters.  Specifically, the D2 receptor 

expressing indirect striatopallidal projection neurons co-express enkephalins (Leu- and Met-) derived 

from the precursor pre-proenkephalin A (PPE-A), which preferentially bind to DORs, whereas the D1 

expressing direct striatonigral projection neurons co-express dynorphin and opioid peptides derived 

from pre-proenkephalin B (PPE-B), which predominantly activate KOR receptors (Breslin et al., 1993; 

Cuello & Paxinos, 1978; Gerfen et al., 1990; Gerfen & Young, 1988; Seizinger et al., 1984). 

It has been established that expression levels of the opioid peptides and their precursors are 

dysregulated in PD and LID (Koprich et al., 2011), however, the role played by altered opioid 

transmission in PD and LID (compensatory vs. pathological) remains unresolved.  In the DA-depleted 

striatum PPE-A mRNA and enkephalin peptide levels are upregulated (Cenci et al., 1998; Gerfen et al., 

1990; Herrero et al., 1995; Nisbet et al., 1995; Sgroi et al., 2016), while striatal PPE-B mRNA and 

dynorphin are downregulated (Aubert et al., 2007; Cenci et al., 1998; Gerfen et al., 1990; Sgroi et al., 

2016; Tel et al., 2002).  Following chronic levodopa therapy, levels of PPE-A remain upregulated both 

in animal models (Westin et al., 2001) and in patients with LID (Calon et al., 2003), which indicates a 

persistent adaptive role for enkephalin in LID (Tamim et al., 2010).  Levels of PPE-B, on the other 

hand, are reversed and upregulated following chronic levodopa therapy (Sgroi et al., 2016; Tamim et 

al., 2010; Westin et al., 2001).  Furthermore, positron emission tomography (PET) studies have 

revealed abnormalities in opioid receptors related to enhanced opioid transmission in the striatum of 

patients with LID (Piccini et al., 1997), suggesting that increased opioid neurotransmission may be 

associated with the pathophysiology of LID.  

Although there is a great deal of evidence implicating altered opioid neurotransmission in PD 

and LID, there are currently no opioid drugs that have been clinically approved for the treatment of PD 

nor LID.  In review of the literature, one often finds that the results of studies evaluating the effects of 
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opioid compounds in models of PD and LID can vary substantially in consistency.  This is true between

studies using different experimental models and also between studies using the same experimental 

model.  For example, results of preclinical studies evaluating the effects of the non-selective opioid 

receptor antagonists nalaxone and naltrexone have shown no effect (Gomez-Mancilla & Bedard, 1993),

significant increase (Samadi, 2003), and significant decrease (Henry et al., 2001; Klintenberg et al., 

2002) of LID respectively.  The moderately-selective MOR antagonists cyprodine and ADL5510 

reduced LID in MPTP-lesioned nonhuman primates without interfering with the antiparkinsonian 

action of L-DOPA (Henry et al., 2001; Koprich et al., 2011).  These findings appear to make sense in 

light of the evidence which correlates enhanced opioid transmission with LID (Aubert et al., 2007; 

Johansson et al., 2001).  Despite this, however, it was recently shown that a highly-selective MOR 

antagonist CTAP (which has >1,200-fold higher selectivity for MORs over DORs) did not affect the 

expression of levodopa-induced AIMs in the 6-OHDA rat preclinical model of LID (Bartlett, So, et al., 

2020).  ADL5510, by comparison, is only 15-fold selective for MORs over DORs, indicating that a 

combination of action on MOR and DOR are likely underlying the anti-dyskinetic effects of ADL5510,

and not action on a single subtype of opioid receptors.  An even more recent study by Bezard et al. 

(2020) has shown that MOR agonism, but not MOR antagonism, is antidyskinetic in MPTP-lesioned 

nonhuman primates.  This study, which demonstrated that both oral and discrete intracerebral 

administration of a selective MOR agonist, but not an antagonist, ameliorates LID further calls into 

question the previous findings related to antidyskinetic effects of MOR antagonism.

Therefore, there are a number of factors that make it difficult to determine the role played by 

altered opioid transmission in LID.  One relevant complicating factor is that opioid receptors are widely

distributed in their expression throughout the brain, which makes it difficult to localize the site of 

action of a drug in correlation with a given behavioral response.  The issue is further complicated by 

the fact that some opioid receptor-binding compounds can function as antagonists at certain 
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concentrations and as agonists at other concentrations, and may differentially activate and inhibit 

different receptor subtypes.  Such is the case with the selective MOR antagonist ADL5510, which 

displays a ‘U-shaped’ dose response curve when tested in a nonhuman primate model of LID (Koprich 

et al., 2011). 

Provided that activation of DORs in the GPe reduces GABAergic output, it has been suggested 

that upregulation of enkephalins may represent a compensatory mechanism to reduce hyperactivation 

of the indirect output pathway in PD (Brotchie et al., 1993; Maneuf et al., 1994).  Furthermore, PPE-A 

mRNA precedes the appearance of PD motor deficits in MPTP treated nonhuman primates, which also 

supports a compensatory role (Bezard et al., 2001) and selective DOR agonists have demonstrated 

antiparkinsonian action in preclinical studies (Hille et al., 2001; Hudzik et al., 2000).  In support of 

these data, a selective DOR antagonist naltrindole was anti-dyskinetic in non-human primates and in 

the 6-OHDA rat model (Billet et al., 2012; Henry et al., 2001).  We previously showed that the mixed 

DOR/MOR glycopeptide agonist MMP-2200 (lactomorphin) has antiparkinsonian properties in two 

preclinical models of DA depletion (Xu Yue et al., 2011), which also supports that enhanced DOR 

activation is antiparkinsonian.  However, it was later shown that MMP-2200 also has anti-dyskinetic 

properties in the 6-OHDA rat following priming with levodopa, thus making it difficult to determine 

the mechanism responsible for its antiparkinsonian properties beyond a reduction in the downstream 

effects of dopamine agonists in these models of DA depletion (Flores et al., 2018). 

In Chapter 3, we have shown that MMP-2200 had differential effects on selective D1 and D2 

receptor-activated hyperkinetic AIMs following chronic levodopa therapy to induce the expression of 

hyperkinetic AIMs.  Then, as mentioned above, we also investigated the combined effects of MMP-

2200 with the NMDA receptor antagonist MK-801 and found that MMP-2200 blocks the pro-

parkinsonian effects of MK-801 while not interfering with its anti-dyskinetic properties.  This finding, 

which was derived from testing the combined effects of an NMDA receptor antagonist and opioid drug 



181

with dual μ/δ-agonist activity, emphasizes the potential use of other multi-ligand compounds and/or 

drug combinations.  For example, work from our lab recently showed that showed that ketamine, which

binds MORs and DORs with affinities similar to its affinity for NMDA receptors (Finck & Ngai 1982; 

Gupta et al., 2011), has lasting anti-dyskinetic properties in the same preclinical 6-OHDA rat model of 

LID (Bartlett et al., 2016; Bartlett, Flores, et al., 2020).  And while an involvement of opioid activity in 

addition to the NMDA receptor antagonism of ketamine has not been investigated in a LID model, it is 

of interest that the anti-depressive activity of ketamine can be blocked by an opioid antagonist

(Williams et al., 2018).

5.4 Kappa-mediated signaling in PD and LID

Several lines of evidence suggest that κ-mediated signaling is overactive in LID.  In the 6-OHDA rat 

model of LID, the severity of AIMs correlates strongly with levels of striatal PPE-B mRNA, which 

encodes dynrophin, the endogenous ligand for KORs (Cenci et al., 1998).  Another study, showed that 

striatal PPE-B mRNA levels were increased in both MPTP-lesioned macaques and PD patients with 

LID (Henry et al., 2003).  Other studies have shown that striatal levels of dynorphin are positively 

correlated with LID (Sgroi et al., 2016).  Additionally, MALDI-TOF imaging mass spectrometry 

showed that levels of dynorphin B and alpha-neoendorphin in the substantia nigra are strongly 

correlated with the severity of AIMs in the 6-OHDA rat model of LID (Ljungdahl et al., 2011).  

Furthermore, [35S]GTPγS binding indicated hyperactive κ-mediated signaling in the caudate nucleus 

and motor cortex in a nonhuman primate model of LID (Chen et al., 2005).

With regard to KORs, (Aubert et al., 2007) found that they were unaltered in MPTP-lesioned 

primates, but that their expression was reduced in the GPe and GPi following chronic L-DOPA 

administration.  In contrast, KOR expression was decreased in the striatum and substantia nigra, but 
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unaltered in the GP, of 6-OHDA-lesioned rats that expressed AIMs in response to L-DOPA compared 

with non-dyskinetic animals (Johansson et al., 2001).

Despite this evidence, however, antagonizing KORs with nor-BNI failed to reduce LID in 

primates with established LID (Henry et al., 2001).  Furthermore, activation of KORs with the selective

κ-receptor agonist U50,488 reduced AIMs in the 6-OHDA rat model of LID and dyskinesia in MPTP-

lesioned squirrel monkeys (Cox et al., 2007).  On the basis of this evidence, we decided to explore the 

efficacy of nor-BNI in the 6-OHDA rat model of LID development, to test if nor-BNI either accelerates

or attenuates the development of LID. Both could have been possible outcomes, considering that also 

differences in alterations in KOR-mediated neurotransmission exist between the 6-OHDA rat and 

nonhuman primate models of LID.  Therefore, although nor-BNI failed to reduce LID in nonhuman 

primates, we could not rule out it could have had anti-dyskinetic efficacy in the 6-OHDA rat model of 

LID.  The results of our experiments are a further step toward furthering our understanding of kappa-

mediated neurotransmission specifically in the 6-OHDA rat model of PD and LID.

In Chapter 4, we have shown that nor-BNI accelerates the development of LID in a 6-OHDA rat

model that relied on a unique mild striatal lesion and a prolonged L-DOPA dose escalation paradigm 

that models gradual development of LID.  Additionally, we found that nor-BNI had no motor 

restorative effects in a functional restoration PD paradigm.  An important aspect of this study is that we

utilized a mild striatal 6-OHDA lesion of approximately 60% DA depletion.  It is important to realize 

that this is not typically done in studies of LID because it requires the use of extremely high doses of 

levodopa in order to induce AIMs.  

We investigated the effects of the selective kappa-opioid receptor antagonist nor-BNI in 1) a 

preclinical LID prevention paradigm, in which we administered nor-BNI to block KORs during the 

priming phase of chronic levodopa treatment to prevent the plastic changes associated with the 

development of LID and 2) in a functional restoration paradigm to test for an acute antiparkinsonian 
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effect in a mild striatal lesion paradigm.  We found that nor-BNI accelerated the development of 

levodopa-induced AIMs using a paradigm of prolonged LID development, however, it did not worsen 

LID once fully established, replicating what has been shown in the primate model (Henry et al., 2001). 

This indicates an effect of nor-BNI either directly on dopamine release, or downstream effects on 

dopaminergic signaling.  However, we found no motor restorative effect of nor-BNI in a mild 6-OHDA

unilateral striatal lesion model of PD, and we showed that nor-BNI did not change tonic DA levels in 

naïve animals, as measured with FSCAV.  Both of these findings suggest that the effects of nor-BNI are

not on dopamine release, but are rather downstream of the dopamine receptors.

5.5 Conclusions

It remains clear that alterations in the opioid neurotransmission system are closely associated with and 

occur in parallel with the pathological alterations in dopaminergic signaling occurring in PD and LID, 

though it is still unknown whether such alterations are pathological or compensatory.  The data 

presented in this thesis showed that 1) the highly-selective non-competitive NMDA receptor antagonist 

MK-801 has differential effects on D2-like versus D1-like AIMs, 2) that the combined effects of MK-

801 and the mixed MOR/DOR opioid agonist MMP-2200 suppressed levodopa-induced AIMs without 

inducing parkinsonism, 3) that MMP-2200 by itself has differential effects on D2-like AIMs vs D1-like 

AIMs, 4) that the selective KOR antagonist nor-BNI accelerates the development of levodopa-induced 

AIMs in a paradigm of prolonged chronic levodopa dose escalation in a mild striatal 6-OHDA lesion, 

and 5) that nor-BNI did not display motor restorative properties following a mild striatal 6-OHDA 

lesion.  All of the studies utilized the preclinical 6-OHDA rat model of PD and LID, although we used 

specialized lesion parameters and experimental paradigms for each study.  The preclinical studies 

presented here have provided important information about the role of altered opioid and NMDA 
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receptor-mediated neurotransmission in PD and LID that may help lead to the development of novel 

therapies for these disorders. 

 Since DA receptor agonists are used extensively in current clinical practice our data suggest 

that further exploration of the therapeutic potential of drugs structurally related to endogenous opioid 

peptides as adjuncts to established therapies could prove worthwhile.  The mixed δ/μ opioid 

glycopeptide MMP-2200 reduced limb, axial, orolingual, and locomotor abnormal involuntary 

movements (AIMs) induced by a selective D2R agonist, possibly strengthening the homeostatic 

upregulation of enkepahlins in response to development of dyskinesia.  In addition, MMP-2200 

modified the effect of the NMDA receptor antagonist MK-801 to result in a potent reduction of L-

DOPA-induced limb, axial and orolingual AIMs with reduced induction of parkinsonism, mitigating the

pro-parkinsonian activity that MK-801 has by itself.  
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