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Summary

Parkinson's disease (PD) is a neurodegenerative disorder characterised by typical
motor symptoms that are caused by severe dopamine depletion in the cortico-basal
ganglia network. Parkinsonian motor symptoms are improved by dopaminergic
medications, the most effective being the dopamine precursor L-DOPA. This
compound exerts its motor effects by stimulating dopamine D1 and D2 receptors,
whose expression are segregated between the movement-promoting and movement-
suppressing pathways of the basal ganglia circuitry. As the disease progresses,
treatment with L-DOPA give rise to involuntary movements (dyskinesia), which
limits its utility. Drugs that directly stimulate dopamine receptors, referred to as
dopamine agonists, are commonly used to delay the use of L-DOPA or reduce its
dosage. Although less prone to induce dyskinesia, dopamine agonists have a high
liability to induce neuropsychiatric side effects, in particular, impulsive-compulsive
behaviours. However, it remains to be established whether pharmacotherapies
combining L-DOPA and dopamine agonists give rise to specific profiles of motor
and non-motor complications.

The overarching aim of this thesis is to develop improved experimental models
to advance translational research on the motor and neuropsychiatric complications
of PD therapy. Both well-established and new experimental models are used to
define correlations and causal links between regimens of dopaminergic treatment,
behavioural changes, and biomarkers of network and cellular dysfunction in the
cortico-basal ganglia system.

Using in vivo local field potential recordings to study biomarkers of network
dysfunctions, we show that changes in broad-band oscillatory activities of cortico-
striatal circuits are correlated to ongoing motions and do not reflect parkinsonian-
specific states. Moreover, we demonstrate that dyskinesias induced by D1 receptor
stimulation are associated with prominent narrowband cortico-striatal oscillations
in the high gamma range (70-110 Hz). Following treatment with a D2 agonist, these
narrowband gamma oscillations are less pronounced, whereas this treatment induces
prominent theta oscillations (5-10 Hz) in the deep basal ganglia nuclei. Thus, the
composition of the dopaminergic therapies might affect these neurophysiological
biomarkers and should be considered in future investigations.

Next, using a set of pharmacological tools and markers of cellular dysfunctions,
we show that adjuvant treatment with D2/3 agonists alters the pattern of dopamine-
related neuroplasticity in the basal ganglia compared to L-DOPA monotherapy,
despite similar dyskinetic behaviours. The antidyskinetic effects of compounds
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modulating D1 receptor signalling were stronger in L-DOPA-treated animals, while
NMDA receptor antagonists produced markedly larger effects in the combined
treatment group. Thus, adjuvant dopamine agonist treatment has a significant
impact on the neuroplasticity and pharmacological response profiles of L-DOPA-
induced dyskinesia. In a last study, we show that treatment with a D2/3 agonist
induces compulsive behaviours and impulsive decision-making in both intact and
partially dopamine-depleted rats regardless of L-DOPA coadministration.

Taken together, the findings of this thesis shed new light on the maladaptive
cellular changes and network dynamics through which dopaminergic
pharmacotherapies for PD affects motor behaviours. Moreover, this thesis work
reveals the importance of including realistic models of combined therapies in future
translational research on L-DOPA-induced dyskinesia.
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Sammenfattning

Parkinsons sjukdom é&r en kronisk neurodegenerativ sjukdom karaktériserad av
typiska motoriska symtom i form av ldngsamma rdrelser, muskelstelhet och
vilotremor. Dessa symtom orsakas av en brist pa signalsubstansen dopamin i de
omréaden av hjarnan som kontrollerar rorelser (hjarnbarken, basala ganglierna och
thalamus). Parkinsonmedicin, varav det mest effektiva dr levodopa, mildrar
symtomen genom att 6ka mangden dopamin i hjdrncellerna. Levodopa stimulerar
dopaminreceptorer i hjirnan, mer specifikt D1- och D2-receptorer, som uttrycks i
rorelseframjande respektive rorelsehdmmande signalvégar i basala ganglierna. Med
tiden kan behandling med levodopa ge upphov till ofrivilliga rorelser (dyskinesier),
vilket begrinsar nyttan av behandlingen. Dopaminagonister, som verkar direkt pa
nervcellernas dopaminreceptorer, anvénds ofta for att forsena eller minska bruket
av levodopa. Risken att utveckla dyskinesier dr ligre med dopaminagonister, men &
andra sidan for de med sig en storre risk att utveckla neuropsykiatriska biverkningar,
i synnerhet impulskontrollsstorningar. Det &r fortfarande oklart om
lakemedelsbehandlingar som kombinerar levodopa och dopaminagonister ger
upphov till specifika profiler av motoriska och neuropsykiatriska symtom.

Det Overordnade syftet med denna avhandling &r att utveckla forbéttrade
experimentella modeller for att frimja translationell forskning om de motoriska och
neuropsykiatriska komplikationer som uppstar som en foljd av behandling av
Parkinsons sjukdom. Bade viletablerade och nya experimentella modeller anvindes
till att definiera korrelationer och orsakssamband mellan olika typer av dopaminerga
behandlingar, beteendefordndringar och biomarkorer for dysfunktion pé
nitverksniva och cellulér niva i hjarnkretsar involverade i Parkinsons sjukdom.

Genom att méta rytmiska monster i hjarnaktiviteten (neuronala oscillationer) i
basala ganglie-kretsar i en djurmodell av Parkinsons sjukdom, visar vi att &ndringar
i hjarnaktiviteten i breda frekvensband korrelerar med pégaende rorelser och inte
specifikt med det parkinsonistiska tillstdndet. Dessutom visar vi att dyskinesier
inducerade av behandling med en DI-receptoragonist &r forbundna med
framtrddande gammaoscillationer 1 ett smalt frekvensband (70-110 Hz) i
motorkortex och striatum. Efter behandling med en D2-receptoragonist dr dessa
gammaoscillationer inte lika framtridande. Istéillet induceras framtridande
thetaoscillationer (5-10 Hz) i de djupa kdrnorna av basala ganglierna (globus
pallidus och substantia nigra). Olika kombinationer av dopaminerga likemedel kan
séledes ha olika paverkan pa dessa neurofysiologiska biomarkérer, vilket bor
beaktas i framtida vetenskapliga undersokningar.
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Vidare visar vi med hjélp av farmakologiska verktyg och markdrer for celluldra
dysfunktioner att tilliggsbehandling med D2/3-receptoragonister andrar den
dopaminrelaterade neuroplasticiteten 1 basala ganglierna jimfort med
monobehandling med levodopa, trots att bada behandlingarna inducerar liknande
dyskinesier. De antidyskinetiska effekterna av substanser som paverkar D1-
receptorsignalering har dessutom storst effekt i djur behandlade med levodopa,
medan glutamatreceptor-antagonister (NMDA-antagonister) har en markant stérre
effekt i djur behandlade med en kombination av levodopa och en D2/3-
receptoragonist. Tilldggsbehandling med dopaminagonister har séledes en
signifikant paverkan pa levodopa-inducerad neuroplasticitet och pa effekten av
farmakologiska behandlingar mot dyskinesi. I en sista undersokning visar vi att
behandling med D2/3-receptoragonister inducerar tvdngsméssiga beteenden och
impulsivitet under normala och sdnkta dopaminnivaer i striatum, oavsett om
behandlingen ges ensamt eller tillsammans med levodopa.

Sammantaget kastar resultaten i denna avhandling nytt lLjus Over de
dysfunktionella fordndringar pé cellulér- och nitverksniva genom vilka olika typer
av dopaminerg behandling paverkar motoriska beteenden i Parkinsons sjukdom.
Dessutom visar resultaten pa vikten av att inkludera realistiska modeller av
kombinationsterapier i framtida translationell forskning pa levodopa-inducerade
dyskinesier.
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Resumeé

Parkinsons sygdom er en kronisk neurodegenerativ sygdom som er karakteriseret
ved typiske motoriske symptomer i form af langsomme bevagelser, muskelstivhed,
og hvilerysten Disse symptomer er fordrsaget af alvorlig mangel pé signalstoffet
dopamin i de omrader af hjernen, der kontrollerer vores bevagelser (hjernebarken,
basalganglierne og thalamus). Parkinsonmedicin, hvoraf den mest effektive er
levodopa, forbedrer symptomerne ved at gge mangden af dopamin i hjernen.
Levodopa stimulerer dopaminreceptorer i hjernen, mere specifik D1 og D2
receptorer, som udtrykkes af henholdsvis bevagelsesfremmende og
bevaegelseshaemmende signalveje i basalganglierne. Med tiden kan behandling med
levodopa imidlertid give anledning til ufrivillige beveegelser (dyskinesier), hvilket
begrenser legemidlets anvendelighed. Dopaminagonister, der virker direkte pa
nervecellernes dopaminreceptorer, anvendes ofte til at forsinke eller mindske
brugen af levodopa. Risikoen for at udvikle dyskinesier er lavere med
dopaminagonister, men til gengeld medferer de en hgjere risiko for at udvikle
neuropsykiatriske bivirkninger, iser manglende impulskontrol. Det er stadig uvist
om legemiddelbehandlinger, der kombinerer levodopa og dopaminagonister, giver
anledning til specifikke profiler af motoriske og neuropsykiatriske symptomer.

Det overordnede formdl med denne afhandling er at udvikle forbedrede
eksperimentelle modeller for at fremme translationel forskning i de motoriske og
neuropsykiatriske komplikationer som opstér som folge af behandling af Parkinsons
sygdom. Bade veletablerede og nye eksperimentelle modeller anvendes til at
definere korrelationer og &rsagssammenhenge mellem forskellige slags
dopaminerge legemiddelbehandlinger, adferdsendringer og biomarkerer for
dysfunktioner pd netvaerks- og celluleert niveau i hjernekredsleb involveret i
Parkinsons sygdom.

Ved at méle rytmiske menstre af hjerneaktivitet (neuronale oscillationer) lokalt
i basalgangliernes kredsleb i en dyremodel af Parkinsons sygdom, viser vi at
@ndringer i hjerneaktiviteten i brede frekvensband ikke er specifik for Parkinson’s
sygdom, men generelt korrelerer med igangverende bevagelser. Desuden
demonstrerer vi, at dyskinesier induceret af D1 receptor stimulering er forbundet
med fremtraedende gammabelger i et smalt frekvensband (70-110 Hz) i motor cortex
og striatum, hvorimod denne gamma-aktivitet er mindre udtalt efter D2 receptor
stimulering. Til gengeld inducerer behandling med D2 receptor dopaminagonister
fremtreedende thetabelger (5-10 Hz) i de dybe kerner af basalganglierne (globus
pallidus og substantia nigra). Forskellige kombinationer af dopaminerge leegemidler

15



kan séledes pavirke disse neurofysiologiske biomarkerer, hvilket ber tages i
betragtning i fremtidige videnskabelige undersogelser.

Demnzst viser vi ved hjelp af farmakologiske varktejer og markerer for
cellulere dysfunktioner, at den dopaminrelaterede neuroplasticitet i basalganglierne
@ndres nar behandling med levodopa kombineres med D2/3 dopaminagonister, til
trods for at de to behandlinger fremkalder lignende dyskinesier. Desuden
demonstrerer vi, at effekten af potentielle leegemidler mod dyskinesi, der pavirker
D1 receptorsignalering, har sterst effekt i dyr behandlet med levodopa, mens
glutamat NMDA-receptorantagonister har en markant sterre virkning i dyr
behandlet med kombinationen af levodopa og D2/3 dopaminagonisten.
Tilleegsbehandling med dopaminagonister har séledes en signifikant indvirkning pa
levodopa-induceret neuroplasticitet og pa effekten af farmakologiske behandlinger
mod dyskinesi. I en sidste underseggelse viser vi, at behandling med D2/3
dopaminagonister forérsager tvangsmaessig adfeerd og impulsivitet under normale
og reducerede dopaminniveauer i striatum, uanset om behandlingen gives alene eller
kombineres med levodopa.

Samlet set kaster resultaterne af denne afhandling nyt lys over de
dysfunktionelle forandringer pé cellulert- og netvaerksniveau, hvorigennem
forskellige typer af dopaminerge behandlinger pévirker motorisk adferd i
Parkinsons sygdom. Desuden fremhaever resultaterne vigtigheden af at inkludere
realistiske modeller af kombinationsterapier i fremtidig translationel forskning af
levodopa-inducerede dyskinesier.
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Introduction

Parkinson’s disease

In 1817, James Parkinson described six aged men who suffered from unusual motor
symptoms in An Essay on the Shaking Palsy (Parkinson, 2002). His findings formed
the foundation for the diagnosis of what would later be known as Parkinson’s
disease (PD), the second most common neurodegenerative disorder worldwide.

PD is a complex disorder with diverse clinical features that include both motor
and non-motor symptoms. Nevertheless, the cardinal signs of PD are slowness of
movements (bradykinesia), shaking at rest (tremor), and increased muscle tone
(rigidity), with postural instability occurring at a later stage (Postuma et al., 2015).
These motor symptoms emerge as the result of a progressive loss of dopaminergic
neurons in the substantia nigra pars compacta (SNc), with the histopathological
hallmark being the formation of intraneuronal alpha-synuclein inclusions in the
form of Lewy bodies or Lewy neurites (Kouli et al., 2018). At motor symptom onset,
approximately 30% of the dopaminergic neurons in the SNc are degenerated,
reaching more than 60% as the disease progresses (Fearnley and Lees, 1991;
Kordower et al., 2013; Ma et al., 1997; Rudow et al., 2008). This denervation of the
nigrostriatal pathway leads to diminished dopamine (DA) levels in the striatum, that
are responsible for the appearance of the cardinal motor symptoms in PD. Many of
the non-motor symptoms in PD, however, do not require that level of dopaminergic
denervation and also depend on pathological changes in various non-dopaminergic
neurotransmitter systems, namely the serotonergic, noradrenergic, and cholinergic
systems (Fox et al., 2008). These neurotransmitter systems might be affected before
the onset of the cardinal motor symptoms, which may explain why non-motor
symptoms such as constipation, rapid-eye movement sleep behaviour disorder,
olfactory deficit, and depression often precede the expression of motor symptoms
(Chaudhuri and Naidu, 2008). Thus, non-motor features have a potential utility for
early diagnosis, although the clinicopathological correlation remains uncertain.
With continuing disease progression, the motor disabilities are often accompanied
by additional non-motor symptoms, including neuropsychiatric symptoms,
autonomic dysfunction, sleep disturbances, and pain or sensory problems
(Chaudhuri et al., 2006).

Due to the complex nature of PD, the etiology and pathogenic mechanisms
remain incompletely understood. While a minor proportion of PD patients have a
genetic cause for their disease, the majority of PD cases are idiopathic. Thus, the
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INTRODUCTION

PD-related degeneration of dopaminergic neurons in SNc is likely influenced by a
combination of genetic, molecular, and environmental factors that can cause cell
death over time (Kouli et al., 2018).

The basal ganglia circuitry

The generation of naturalistic behaviours adapted to the environment is highly
dependent on a complex network of interconnected nuclei referred to as the basal
ganglia. Anatomically, the basal ganglia refer to five subcortical structures: the
striatum (caudate and putamen in primates), the globus pallidus (pars interna, GP1i,
and externa, GPe), the subthalamic nucleus (STN), and the substantia nigra pars
reticulata, SNr). The striatum constitutes the main input structure of the basal
ganglia and integrates information about planned movements from frontal, sensory,
and motor cortices, and related thalamic areas. Indeed, the striatum receives
excitatory glutamatergic input from the entire cerebral cortex (Redgrave et al.,
2010), the thalamus (the centromedian and parafascicular nuclei in particular)
(Smith et al., 2004), and the amygdala (Kelley et al., 1982), as well as a serotonergic
input from the raphe nucleus (Jacobs and Fornal, 1997). In addition, the dorsal
striatum is densely innervated by dopaminergic projections from the SNc, while the
ventral tegmental area (VTA) primarily targets the ventral striatum (Smith and
Kieval, 2000). Interestingly, movement initiation is associated with premovement
activity in motor cortex and other motor-related brain circuits. To prevent the
ongoing activity in those regions from leading to unwanted or wrongly timed
movements, the output nuclei (GPi and SNr) of the basal ganglia keep their
downstream thalamocortical target cells under tonic inhibitory control via gamma-
aminobutyric acid (GABA)-ergic projections (Hikosaka et al., 2000). Thus, the
dorsal striatum constitutes a crucial component in integrating relevant information
about planned movements and translate it into specific changes in this widespread
tonic inhibition, to support the initiation of the desired voluntary movement.

Classic and novel views on the basal ganglia circuitry

Classically, the striatum is thought to convey information to the output nuclei of the
basal ganglia via two distinct pathways. Approximately half of the GABAergic
neurons in the striatum, identified as spiny projection neurons (SPNs), project
directly to the basal ganglia output nuclei (direct pathway; dSPNs), while the
remaining SPNs influence the output nuclei indirectly via intermediate connections
to the GPe and STN (indirect pathway; iSPNs) (Gerfen and Surmeier, 2011). In turn,
the GPe provides inhibitory inputs to the output nuclei and STN, whereas the STN
provide excitatory inputs to the output nuclei. In the classical model, the direct and
indirect pathways are proposed to exert opposite effects on motor control, activating
or inhibiting cortically-initiated movements, respectively (Albin et al.,, 1989;
Kravitz et al., 2010). According to this model, activation of dSPNs will inhibit the
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INTRODUCTION

output nuclei, which leads to a disinhibition of the motor thalamus, thus facilitating
movement. Conversely, activation of the iSPNs will inhibit the GABAergic neurons
in the GPe leading to a disinhibition of the STN, which altogether increase the
inhibition of the output nuclei on their target cells and consequently supress
movement (see Figure 1).

A Normal condition B Parkinson’s disease C L-DOPA-induced dyskinesia

From
SNc:

Thalamus — Thalamus

.

Putamen T‘ Putamen
N = \ N | -
GPe\ \ GPe\ j
SNI/ - ) SNr/
GPi /O . GPi J_
N\ W\
E—70Q ~Q
Oh/ \ /
STN, STN, K SN, © 0~

Figure 1. Simplified representation of the basal ganglia circuitry in physiological, parkinsonian, and dyskinetic
conditions. The striatum (putamen) receives excitatory glutamatergic inputs from the cortex and thalamus as well as
dopaminergic inputs from the SNc. These inputs converge onto inhibitory GABAergic SPNs, which give rise to the direct
and indirect pathway. Direct pathway SPNs project directly to the output nuclei of the basal ganglia, namely GPi/SNr
(blue), whereas neurons of the indirect pathway influence these output nuclei indirectly via intermediate projections to
the GPe and STN (red). The output nuclei keep their excitatory thalamic target cells under tonic inhibition via GABAergic
projections. A. In physiological conditions, a balance between the pathways is maintained by DA. B. In PD, the DA
denervation of the striatum results in hyperactivity of the indirect pathway and reduced activity of the direct pathway,
altogether increasing the tonic inhibition of the output nuclei on downstream motor targets. C. LID is associated with
hyperactivity of the direct pathway and a decreased activity of the indirect pathway, which results in overactivation of
the thalamus. For abbreviations, see main text. (Created with BioRender.com)

This classical view is however being challenged by several recent studies adding
new insights to the functional organisation of the basal ganglia circuitry.
Importantly, the Costa laboratory showed concurrent increases in the neuronal
activity of both dSPNs and iSPNs during the initiation and execution of actions,
with low activity in both populations during immobility (Cui et al., 2013; Tecuapetla
et al., 2016). Corroborated by others, this led to a model suggesting that coordinated
activation of the direct and indirect pathway will affect different output neurons of
the basal ganglia, with the direct pathway inhibiting specific neurons to facilitate
the desired movements, while the indirect pathway disinhibits other neurons to
supress competing actions (Cui et al., 2013; Klaus et al., 2017; Markowitz et al.,
2018; Parker et al., 2018; Tecuapetla et al., 2016). In this view, the coordinated
spatial and temporal activation of specific SPNs of the two pathways is crucial for
the proper selection and initiation of actions.
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Although current models provide a better understanding of how basal ganglia
circuits and their inputs influence movement selection and initiation, they are based
on a rather simplistic organisation of the basal ganglia circuitry. Indeed, new
findings on anatomical and functional connectivity reveal a much more complex
circuitry, involving substantially more projections, feedback loops, and
collateralisations. For instance, striatal SPNs are known to exhibit lateral inhibition
on other proximal SPNs through axon collaterals (Dobbs et al., 2016). Moreover,
the control of action is managed by the matrix compartment of the striatum, whereas
the striosomes project directly to SNc and VTA to regulate the activity of
dopaminergic neurons (Gerfen, 1984, 1985; Grillner et al., 2020). The projections
that are less often considered in these models extend to other structures of the basal
ganglia network. One important example is the collateral projections from the direct
pathway neurons to the GPe (Wu et al., 2000), proclaiming that the GPe is not an
exclusive target of the indirect pathway neurons as originally suggested. In addition
to the projection from the GPe to the STN considered by current models, the
prototypic and arkypallidal neurons of the GPe also form distinct projections
directly to the striatum, cortex, and thalamus (Mallet et al., 2012; Mallet et al., 2016;
Saunders et al., 2015). These are just some of the projections that may add valuable
information on the connectivity in the cortico-basal ganglia-thalamic circuitry in
future models.

Functional organisation of the basal ganglia circuitry

The flow of information is suggested to be transmitted through the basal ganglia via
parallel cortico-subcortical circuits that are compartmentalised in an orderly fashion
(Alexander and Crutcher, 1990; Alexander et al., 1986; Haber, 2003). In addition to
the basal ganglia motor circuits involved in sensorimotor control that has already
been introduced, these circuits are commonly separated into an associative circuit,
involved in the control of executive function, and a limbic circuit associated with
emotional processing (Alexander et al., 1986). Since the projections within the basal
ganglia show a high degree of spatial topography (Foster et al., 2021), these
functional differences rely on the contribution of separate subregions of the various
basal ganglia nuclei involved in each circuit (see Figure 2). As an example, the
dorsal part of the striatum is subdivided into a dorsolateral (DLS) and dorsomedial
part (DMS), that receives input from sensorimotor and prefrontal- and parietal
cortices, respectively. Thus, the DLS has been linked to the control of innate and
learnt motor patterns or habit formation, while the DMS is involved in the control
of goal-directed movements adapted to the current environmental situation. Instead,
the ventral striatum (nucleus accumbens) receive input from prefrontal and anterior
cingulate cortices (PFC and ACC, respectively) as well as from limbic structures
such as amygdala and hippocampus, with downstream processing by the ventral
pallidum and the SNr. Accordingly, the ventral striatum has been implicated in the
control of reinforcement learning and motivation (Macpherson and Hikida, 2019;
Redgrave et al., 2010). The topographic organisation of these functionally distinct
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cortico-subcortical circuits provides the potential for limbic information to affect
motor circuits and vice versa (Aoki et al., 2019). Furthermore, alterations in the
cortico-striatal connectivity in the limbic basal ganglia circuits have been found to
contribute to the pathogenesis of neuropsychiatric disorders such as obsessive
compulsive disorder (Macpherson and Hikida, 2019). The contributions and
interactions of these subregions are therefore important to consider in addition to
alterations in cortical and limbic regions, in order to gain a complete picture of the
mechanisms underlying both the motor and neuropsychiatric features of PD.
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Figure 2. Functional organisation of the basal ganglia. The basal ganglia circuitry is divided into topographically
segregated subregions transmitting motor (A), associative (B), and limbic (C) information. (Created with
BioRender.com)

Dopamine and its modulatory role in the basal ganglia

DA is an essential neurotransmitter of the central nervous system involved in almost
all aspects of behaviour, including movement control, motivation, reward,
cognition, and learning (Bjorklund and Dunnett, 2007). The precursor of DA is L-
3.,4-dihydroxyphenylalanine (levodopa, L-DOPA), that is synthesized from tyrosine
by the rate-limiting enzyme tyrosine hydroxylase (TH). Unlike DA, L-DOPA has a
large blood brain barrier (BBB) permeability and is metabolised to DA by DOPA
decarboxylase (Nagatsu et al., 1964). Dopaminergic neurons primarily project from
the SNc to the dorsal striatum to form the nigrostriatal pathway, or from the VTA
to the nucleus accumbens and limbic systems or the PFC to form the mesolimbic
and mesocortical pathways, respectively (Smith and Kieval, 2000). Importantly,
dopaminergic inputs modulate the striatal processing of cortical and thalamic inputs
carried by the SPNs of the direct and indirect pathways differently, because the
SPNs of each pathway express different types of DA receptors.
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Generally, DA exerts its actions through the activation of five types of G-protein
coupled DA receptors (D1-D5), which are classified as either D1-like (D1 and DS5)
or D2-like (D2-D4) based on their functional properties. These two classes of DA
receptors are oppositely coupled to adenylyl cyclase via different G-protein
subunits, where D1-like receptors are linked to the stimulatory Gaoyir and D2-like
receptors are coupled to the inhibitory Gaij. The binding of DA to D1-like receptors
will therefore increase the second messenger cyclic adenosine monophosphate
(cAMP) and phosphorylation of protein kinase A (PKA) resulting in an increased
intrinsic excitability of the cell, whereas DA interaction with D2-like receptors will
reduce cAMP and PKA levels, thus lowering the intrinsic excitability (Gerfen and
Surmeier, 2011; Sibley and Monsma, 1992).

Among the five DA receptor types, the D1 and D2 receptors are abundantly
expressed in the striatum, being segregated between the dSPNs and iSPNs,
respectively. Consequently, DA inputs will activate D1 receptors and increase the
excitability of the dSPNs, while the excitability of iSPNs is reduced through the
stimulation of D2 receptors (Valjent et al., 2009; Zhai et al., 2018). The subsequent
increase and decrease of the direct and indirect pathway, respectively, results in the
disinhibition of thalamic and brainstem motor targets of the basal ganglia output
nuclei. According to this classical model, dysfunctions of the basal ganglia can
result in an overall decreased motor output (hypokinesia) or in excessive
uncontrollable movements (dyskinesia), both of which occur in PD. Specifically,
when the dopaminergic neurons degenerate, the lack of activation of the D1 and D2
receptors ultimately leads to an increased excitability of the indirect pathway iSPNs,
resulting in hypokinesia via disinhibition of the basal ganglia output nuclei.
Conversely, overstimulation of the same receptors as a complication of
dopaminergic medication, and the following hypoactivity of the indirect pathway
and hyperactivity of the direct pathway, would lead to dyskinesia via inhibition of
the output nuclei (see Figure 1).

Another important factor that influences the engagement of the D1 and D2
receptors, is their different DA affinities as well as the firing pattern of the
dopaminergic SNc neurons. These neurons exhibit rapid bursts of large phasic firing
or slower spontaneous tonic firing (Schultz, 2007). Thus, the low-affinity DI
receptors mainly respond to phasic DA release produced during burst firing, while
the high-affinity D2 receptors respond to tonic DA release (Floresco et al., 2003;
Grace, 2000; Grace et al., 2007). It is also important to mention, that a small
subpopulation of SPNs express both D1 and D2 receptors (Meador-Woodruff et al.,
1991; Surmeier et al., 1992). Moreover, D1 receptors are expressed exclusively in
the SPNs, while D2 receptors are also found postsynaptically in cholinergic
interneurons (ChINs) (Maurice et al., 2004) as well as presynaptically in the
corticostriatal glutamatergic terminals and midbrain dopaminergic terminals
(Bamford et al., 2004; Ford, 2014). These presynaptically expressed D2 receptors
function as autoreceptors, providing a negative feedback mechanism to adjust the
release of neurotransmitters in response to changes in the extracellular DA levels
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(Sibley and Monsma, 1992). The D1 and D2 receptors are also expressed in several
other brain regions, including the GPe, SNr, cerebral cortex, as well as in the
amygdala and hippocampus, just to mention some (Mishra et al., 2018), while the
other DA receptors are more predominant in limbic structures (Defagot et al., 1997;
Gurevich and Joyce, 1999; Sibley and Monsma, 1992).

Pharmacological treatments for PD motor symptoms

In the absence of disease-modifying treatments, DA-replacement therapy with L-
DOPA is still the most effective strategy for alleviating the motor symptoms of PD
(Cenci et al., 2011; Cotzias et al., 1969). Standard L-DOPA pharmacotherapy is
administered orally up to eight times per day depending on the individual response
and disease stage, due to the short half-life of the drug. L-DOPA is given in
combination with peripheral DOPA decarboxylase inhibitors (benserazide or
carbidopa) to avoid peripheral biotransformation, and usually reaches peak
concentration levels 1-2 h after dosing (Bianchine et al., 1971; Calne et al., 1971;
Cedarbaum, 1987). Once in the brain, L-DOPA is taken up by surviving
dopaminergic neurons and is converted to DA.

However, the response to L-DOPA changes with the progression of PD,
increasing the need for continuously adjusting the drug dosing schedule during long-
term treatment with L-DOPA. At this point, the majority of PD patients start to
exhibit abnormal involuntary movements (AIMs), termed L-DOPA-induced
dyskinesia (LID), or motor fluctuations, that consists in a short-duration motor
response to each L-DOPA dose followed by a rapid return to severe parkinsonian
immobility (“wearing-off” and “on/off” phenomena) (Cenci et al., 2011; Cenci et
al., 2020). Once motor complications have developed, it is common to prolong the
therapeutic actions of L-DOPA by using inhibitors of the enzymatic DA breakdown
mediated by catechol-O-methyltransferase (COMT) or monoamine oxidase (MAO-
B) (Cenci et al., 2022; Cerri and Blandini, 2020). Another ‘L-DOPA-sparing’
strategy is to reduce and/or delay the use of L-DOPA in favour of DA agonist
prescribed as initial treatment to patients in the early phase of PD (Cenci et al., 2011;
de Bie et al., 2020; Sy and Fernandez, 2020), or as adjuvant therapy to L-DOPA in
more advanced disease stages (Hauser et al., 2014; Jenner, 2015; Nomoto et al.,
2014).

DA agonists are compounds that directly stimulate the dopaminergic receptors,
and they are commonly classified into ergot derivatives (e.g. bromocriptine,
pergolide, lisuride, and cabergoline) and non-ergot derivatives (e.g. pramipexole,
ropinirole, rotigotine, and piribedil). All these DA agonists act with high affinity for
the D2-like DA receptors, in particular for the D2 and D3 subtypes (Eden et al.,
1991; Varga et al., 2009), while ergot DA agonists can also interact with other
receptors (e.g. D1-like DA receptors, serotonergic, adrenergic) (Cerri and Blandini,
2020). Importantly, the DA agonists provide a more continuous stimulation of DA
receptors and have a much longer duration of action compared to L-DOPA.
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Currently, non-ergot DA agonists, specifically ropinirole and pramipexole, are the
most commonly used DA agonists for oral treatment of PD (Stocchi et al., 2016),
whereas the clinical use of ergot derivatives has markedly declined due to
uncommon, but important fibrotic reactions (Antonini and Poewe, 2007; Simonis et
al., 2007).

While entailing a lower incidence of motor complications, DA agonists do
however have inferior symptomatic efficacy compared to L-DOPA and are
associated with the onset of unpleasant side effects. Indeed, the incidence of
oedema, constipation, somnolence, dizziness, and psychiatric adverse effects
(hallucinations, psychosis, impulsive-compulsive behaviours (ICBs)) is overall
higher for these compounds compared to L-DOPA (Stocchi et al., 2020; Stowe et
al., 2008). If dyskinesias are the predominant problem, an alternative treatment
strategy is to use the effective antidyskinetic N-methyl-d-aspartate (NMDA)
antagonist, amantadine, as an adjuvant to L-DOPA (Fox et al., 2018). When
therapeutic management using oral medication is no longer sufficient to manage the
motor complications, patients are referred to advanced therapies such as continuous
subcutaneous (s.c.) infusion of apomorphine, continuous intestinal infusion of L-
DOPA, or deep brain stimulation (DBS) (Giugni and Okun, 2014).

Treatment-related complications in PD

Dyskinesia

The cumulative incidence rate of LID is approximately 30% with an onset time of
5-6 years from PD diagnosis (Eusebi et al., 2018), reaching up to 80% of patients
treated with L-DOPA (Thanvi et al., 2007). The risk of developing these motor
complications is correlated to a young age at PD onset, duration and severity of the
parkinsonian motor symptoms, and higher cumulative L-DOPA dosage (Thanvi et
al., 2007).

Phenomenologically, dyskinesia consists of involuntary movements with both
fast hyperkinetic and slower dystonic features, that affects various parts of the body.
In most cases, LID manifests as hyperkinetic, purposeless movements, that flow
across body regions in a rapid, irregular sequence (chorea), but other hyperkinetic
manifestations such as jerky motions (ballism) and stereotypies are also
encountered. In other cases, LID is predominated by sustained twisting movements
or abnormal fixed postures (dystonia) (Luquin et al., 1992).

The clinical presentations of LID are classified based on the temporal pattern of
involuntary movements relative to the medication intake. Thus, “peak-dose” or “on”
dyskinesias occur at the time of the highest brain concentration of L-DOPA, and
mainly consists of choreiform movements. When dystonic components occur during
peak-dose dyskinesia, they are usually shadowed by the presence of chorea. In
contrast, “diphasic” dyskinesias occur less commonly at the beginning and end of
each L-DOPA dose and are predominated by ballistic or stereotypic movements
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mixed with dystonia (Fahn, 2000). Lastly, isolated dystonia can appear during the
“off” state, when L-DOPA concentrations are low. These “off” dystonias can be
painful and mainly affect the lower extremities of the body, the most typical form
being early-morning dystonia in the feet (Melamed, 1979).

Impulsive-compulsive behaviours

When considering the treatment-related complications in PD, non-motor symptoms
are often the most debilitating for the patient. Common non-motor features
associated with DA replacement therapy include neuropsychiatric symptoms such
as hallucinations, psychosis, and ICBs, of which this thesis will focus on ICBs. In
PD patients, ICBs mainly manifest as pathological gambling, binge eating,
hypersexuality, and compulsive shopping, although punding, hoarding, and other
ICBs have also been reported (Weintraub et al., 2015).

While the incidence of ICBs in newly diagnosed, untreated patients with PD is
not different from the general population, an increased risk of ICBs has been
reported in patients who receive dopaminergic treatment, in particular DA agonists,
with a 5-year cumulative incidence of 46% (Corvol et al., 2018; Weintraub et al.,
2010; Weintraub et al., 2013). In addition to dopaminergic medication prescribing
practices, additional correlates or potential risk factors have emerged, including
young age of onset, sex, depression and anxiety, a familial or personal history of
alcoholism or gambling, and pre-existing impulsive or novelty-seeking personality
traits (Latella et al., 2019; Marinus et al., 2018).

ICBs are a heterogeneous group of conditions characterized by the inability to
exhibit emotional and behavioural self-control, which can lead to impulsive and/or
compulsive actions (Berlin and Hollander, 2014). Impulsivity is to act on impulses
and urges without foresight or consideration of the negative consequences of these
actions (Berlin and Hollander, 2014; Moeller et al., 2001), and has been related to
rapid decision-making, lack of mental planning, and risk-taking (Eysenck, 1993).
Compulsivity is the repetition of non-goal-oriented behaviours that are performed
in order to relieve distress, despite unfavourable consequences (Berlin and
Hollander, 2014; Dalley et al., 2011). Thus, a patient suffering from compulsions is
often consciously aware of the adverse and perseverative character of the rituals,
but feels emotionally compelled to perform them. In contrast, impulsive behaviours
generally generate pleasure, although they may lose their pleasurable quality as the
behaviour becomes more compulsive and automatic (Berlin and Hollander, 2014).

The higher incidence of ICBs upon treatment with DA agonists do not appear
unique to PD patients, as a similar association has been reported in fibromyalgia and
restless legs syndrome (Cornelius et al., 2010; Holman, 2009). Since treatment of
ICBs continues to be a great challenge, they are often relieved by reducing the DA
agonist dose or readjusting the dopaminergic PD medication (Mamikonyan et al.,
2008). Alternative treatment strategies include the use of psychiatric medications
(i.e. antidepressants) or DBS (Abbes et al., 2018; Weintraub and Mamikonyan,
2019).
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Toxin-based rodent models of PD and LID

Parkinsonism refers to motor symptoms similar to the clinical manifestation of PD,
although they can result from other conditions than PD, such as specific brain
lesions, medications, and toxin exposure. Parkinsonism is commonly modelled
preclinically by inducing a severe loss of striatal dopaminergic innervations in
rodents using the neurotoxin 6-hydroxydopamine (6-OHDA) (Ungerstedt, 1968).
This hydroxylated DA analogue selectively enters catecholamine neurons via the
DA or noradrenaline transporter. Once inside the neuron, the toxin undergoes
autoxidation, which leads to the production of reactive oxygen species, oxidative
damage of cellular components, mitochondrial dysfunction, and ultimately cell
death (Rotman and Creveling, 1976). Since 6-OHDA doses not cross the BBB, a
direct injection in the nigrostriatal pathway is necessary to induce degeneration of
the dopaminergic neurons, and commonly target the striatum, SNr, or the medial
forebrain bundle (MFB).

As in patients, parkinsonian motor deficits start to manifest when more than
50% of striatal DA inputs are lost (Boix et al., 2018; Decressac et al., 2012; Fearnley
and Lees, 1991). To obtain a model of severe late-stage PD, unilateral injection of
6-OHDA into the MFB is the preferred procedure, which leads to extensive
dopaminergic degeneration accounting for 80-90% of the striatal DA depletion
(Francardo et al., 2011; Winkler et al., 2002). Advantages of this unilateral model
include its stability over time, which is particularly useful for evaluation of long-
term pharmacological treatments, as well as the restriction of behavioural
impairments to one side of the body, allowing for the intact side to serve as an
internal control (Cenci and Bjorklund, 2020; Cenci et al., 1998). Importantly,
rodents with severely denervated striatal motor regions (> 90%) can be used to
model the motor complications associated with DA replacement therapy in PD
(Cenci and Lundblad, 2007). Indeed, the majority of DA-depleted animals treated
chronically with therapeutic-like doses of L-DOPA will develop involuntary
movements analogues to LID (Francardo et al., 2011; Winkler et al., 2002). The
time course of these dyskinetic behaviours is similar to that of peak-dose dyskinesia
in PD patients, coinciding with large increases of extracellular DA levels in the
striatum (Lindgren et al., 2010; Meissner et al., 2006). On the other hand, mild early-
stage PD is often modelled by bilateral intrastriatal delivery of 6-OHDA
(Przedborski et al., 1995). This type of lesion model enables a flexible modulation
of the severity and distribution of DA denervation (Francardo et al., 2011; Winkler
et al., 2002), and is often used to study the non-motor symptoms of PD due to its
bilateral character. Although these toxin-based models do exhibit many PD-relevant
pathological features, it is important to mention that they do not mimic several
important characteristics, including the progressive time course of the
neurodegeneration and the formation of intraneuronal alpha-synuclein inclusions.
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Mechanisms of LID

Pre- and postsynaptic alterations in DA transmission

The establishment of LID depends on a series of maladaptive changes induced by
the degeneration of dopaminergic neurons in combination with intermittent
treatment with L-DOPA, which eventually leads to large fluctuations of DA levels
in the brain. This altered response pattern depends on impairments in both the pre-
and postsynaptic DA transmission (Cenci, 2014; Cenci and Konradi, 2010). Indeed,
the loss of nigrostriatal dopaminergic neurons affects the presynaptic compartment,
where L-DOPA is normally converted to DA, stored in synaptic vehicles, and
released in a physiological manner. At first, the nigrostriatal DA system can
maintain physiological DA transmission thanks to multiple compensatory
mechanisms (Leenders et al., 1986; Zigmond et al., 1990). However, a severe loss
of dopaminergic terminals will shift the metabolism of L-DOPA to other sites, in
particular to serotonergic neurons, which express the enzyme mediating the
conversion of L-DOPA to DA (Stansley and Yamamoto, 2013). Nevertheless, the
serotonergic neurons release DA in an activity-dependent manner due to the lack of
DA autoregulatory mechanisms mediated by presynaptic DA autoreceptors and
high-affinity DA reuptake (Tanaka et al., 1999). This gives rise to non-physiological
fluctuations in extracellular DA levels upon treatment with L-DOPA (Carta and
Bezard, 2011) (see Figure 3).

In addition to these presynaptic adaptations, alterations in the postsynaptic
dopaminergic signalling are crucial to the development of LID, particularly the
enhanced sensitivity of postsynaptic DA receptors to DA. This supersensitivity
depends on an increased coupling of D1 and D2 receptors to their corresponding G-
protein, alterations in DA receptor trafficking and internalisation, an increased
responsiveness of downstream intracellular canonical signalling molecules, and also
an increased activation of non-canonical signalling pathways (Cenci and Konradi,
2010; Klawans et al., 1977; Murer and Moratalla, 2011) (see Figure 3).

While the contribution of D2 receptors has yet to be fully elucidated, the
supersensitivity of D1 receptors has long been suggested as a crucial contributor to
the development of LID. Indeed, the G-protein coupling efficiency of D1, but not
D2 receptors, has been found to be further enhanced in LID (Aubert et al., 2005),
and is paralleled by an upregulation of Goyoir proteins and an overactivity of the
adenylyl cyclase signalling cascade downstream of the D1 receptor (Corvol et al.,
2004; Hervé et al., 1993; Mishra et al., 1974). This leads to an increase cAMP-PKA-
dependent phosphorylation of downstream targets, including the DA- and cAMP-
regulated phosphoprotein (DARPP-32) (Santini et al., 2007), the GluA1 subunit of
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) receptors (Snyder et
al., 2000), and the extracellular signal-regulated protein kinase 1 and 2 (ERK1/2)
(Pavon et al., 2006; Santini et al., 2009; Santini et al., 2007; Westin et al., 2007). It
is important to note, that the activation of ERK1/2 is normally associated with the
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stimulation of tyrosine-kinase or glutamate receptors during physiological
conditions, and not Gayoir-coupled receptors (Gerfen et al., 2002). Thus, the
supersensitivity of D1 receptors is attributable to a switch to ERK1/2 activation

specifically in dSPNs.

{ )
Neurovascular
changes
N ) ’
. 4 T 3\
Cereblral Py L-DOPA Pulsatile
vesse > L-DOPA dosing
o 20 %o, > g
B, O R, © S B
.0 W
Blood ° o
brain
barrier ° \ 4

CNS
(Striatum)

uptake and conversion
of L-DOPA and

'd N
Serotonin neurons

L dysregulated DA efflux )

DA denervation
loss of DAT and
physioligcal DA storage
and release sites

Brain surges of
L-DOPA and DA

\\

-~

¢ ° ° L
) : e © Non-dopaminergic
° . neuromodulators
Q
DAR o | 7

p
Supersensitive DAR

\

—» maladaptive molecular
¢ plasticity (AFosB)
Altered activity

patterns in basal-
ganglia-thalamo-

cortical networks
\ 7

Figure 3. LID depends on pre- and postsynaptic alterations in DA transmission. At the presynaptic level, several
factors contribute to the generation of surges of L-DOPA and DA in the brain (blue boxes). These presynaptic alterations,
as well as secondary changes in non-dopaminergic neurotransmitter systems (white boxes), contribute to maladaptive
changes in the postsynaptic dopaminergic signalling (yellow boxes). Abbreviations not in text: DAR, DA receptor, CNS,
central nervous system. (Created with BioRender.com)

32



INTRODUCTION

In turn, this aberrant activation of ERK1/2 in dSPNs triggers the activation of
histone 3, leading to chromatin remodelling and maladaptive changes in the
transcriptional regulation (Santini et al., 2009). Upon activation, ERKI1/2
furthermore mediates a wide array of early response transcription factors that
participate in the control of downstream proteins, including c-Fos, c-Jun, and FosB.
Among these, the accumulation of the stable isoforms of FosB (AFosB) in dSPNs
of the DA-denervated striatum is particularly correlated to the severity of dyskinesia
upon chronic L-DOPA treatment (Lindgren et al., 2011; Pavon et al., 2006; Westin
et al., 2001). Increased D1-dependent ERK1/2 signalling following L-DOPA
treatment has moreover been associated with neurovascular changes, including
angiogenesis and altered BBB permeability (Cenci, 2014; Lindgren et al., 2009).
Importantly, the development of dyskinesia is positively associated with increased
endothelial proliferation (nestin, a marker of ongoing angiogenesis) and BBB
permeability (parenchymal albumin) in the DA-denervated striatum and basal
ganglia output nuclei in an animal model of LID (Lindgren et al., 2009; Westin et
al., 2006). This increased BBB permeability associated with angiogenesis has been
suggested to contribute to higher extracellular levels of L-DOPA in LID (Cenci,
2014) (see Figure 3).

The contribution of DI and D2 receptor stimulation to LID

Further implicating the critical role of overactivity of the direct pathway in LID,
pharmacological and genetic inactivation of striatal D1 receptors and its
downstream targets have been found to attenuate dyskinesia in animal models of
LID (Bateup et al., 2010; Darmopil et al., 2009; Engeln et al., 2016; Santini et al.,
2012; Santini et al., 2007). In addition, several recent studies have reported that
specific optogenetic stimulation of dSPNs can induce dyskinesia in an animal model
of PD, even in the absence of L-DOPA treatment (Girasole et al., 2018; Keifman et
al., 2019). In line with these findings, the role of selective D1 agonists in inducing
dyskinesias, with similar phenotypic components of L-DOPA, is well-established
(Carta et al., 2008; Dupre et al., 2007; Grondin et al., 1997; Iderberg et al., 2013;
Lindgren et al., 2009; Rascol et al., 2001).

While the pivotal role of the pulsatile stimulation of D1 receptors on dSPNs in
LID has long been implicated, a pronounced synaptic remodelling of iSPNs in LID
has only recently been described (Fieblinger et al., 2014a; Suarez et al., 2018;
Suarez et al., 2016; Suarez et al., 2014). Consistent with a critical role of iSPNs, the
chemogenetic stimulation of these neurons improves dyskinesia in a mouse model
of LID (Alcacer et al., 2017), while the genetic ablation of D2 receptors specifically
in iISPNs reduce the severity of dyskinesias induced by L-DOPA in DA-denervated
mice compared to wild type animals (Andreoli, 2021). In another study, the
complete loss of D2 receptor signalling, rendered by genetic knockout of D2
receptors in a non-specific manner, did not affect the development of dyskinesia in
L-DOPA-treated animals (Darmopil et al., 2009). Thus, the heterogeneous
expression of striatal D2 receptors might add to the complexity that has prevented a
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full understanding of the implication of D2 receptor stimulation in LID. Further
adding to this complexity, some studies have shown that D2/3 agonists can induce
dyskinesia when administered de novo to parkinsonian mice and rats (Andreoli et
al., 2021; Bagetta et al., 2012), while others report only mild or no effects (Carta et
al., 2008; Lundblad et al., 2002). However, D2/3 agonists are known to induce
dyskinesia in parkinsonian rats previously primed with L-DOPA (Dupre et al., 2007;
Kiessling et al., 2020; Sebastianutto et al., 2020), indicating a role of the D2 receptor
in established LID. Interestingly, Andreoli and co-authors recently reported that the
D2 receptor is a crucial mediator of the dystonic components of LID in
hemiparkinsonian mice (Andreoli et al., 2021).

The serotonergic system in LID

In addition to the maladaptive changes of the dopaminergic system, LID is also
associated with secondary changes to several non-dopaminergic systems, including
the serotonergic, glutamatergic, and cholinergic system. This has led to an increased
interest in improving LID and/or motor fluctuations by targeting non-dopaminergic
receptor systems (Cenci et al., 2022) (see Figure 4).

Due to its involvement in the non-physiological release of DA upon L-DOPA
treatment, the serotonergic system has attracted great attention as a potential
antidyskinetic target. The neurotransmitter release from serotonergic neurons are
regulated by several autoreceptors, including the serotonin (5-HT)-1a and 5-HT1b
receptors expressed presynaptically at somatodendritic sites and axon terminals,
respectively (McDevitt and Neumaier, 2011). Accordingly, agonists of 5-HT1a
receptors have been found to reduce the peaks in extracellular DA levels occurring
after L-DOPA administration in 6-OHDA-lesioned rats (Iderberg et al., 2015;
Lindgren et al., 2010) as well as in PD patients (Politis et al., 2014). Moreover,
partial 5-HT1a agonists have been found to improve LID in PD patients, although
their utility is complicated by dose-limiting adverse events, in particular a
worsening of parkinsonian motor symptoms (Bara-Jimenez et al., 2005; Bonifati et
al., 1994; Goetz et al., 2007). Using much more potent and selective 5-HT1a
agonists, an alternative approach is thus to combine low doses of 5-HT1a and 5-
HT1b receptor agonists to primarily target the presynaptic receptors (Carta et al.,
2007; Mufioz et al., 2009). This approach has proven very effective in reducing
surges in extracellular DA levels induced by L-DOPA (Lindgren et al., 2010), while
ameliorating LID in both rodent and non-human primate models of PD (Bezard et
al., 2013; Lindgren et al., 2010; Paolone et al., 2015). It is however important to
mention, that the antidyskinetic effects of the 5-HT1a/b agonists may also depend
on additional postsynaptic mechanisms, as these drugs can also alleviate dyskinesias
induced by DA receptor agonists (Dupre et al., 2008; Jaunarajs et al., 2009). Such
postsynaptic effects of 5-HT 1a stimulation may rely on a reduced striatal glutamate
release (Dupre et al., 2011), possibly mediated by 5-HT1a receptors expressed in
the motor cortex (Antonelli et al., 2005; Ostock et al., 2011).
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The glutamatergic system in LID

Altered glutamatergic signalling in the cortico-basal ganglia network is strongly
associated with LID (Bastide et al., 2015; de Iure et al., 2019; Sgambato-Faure and
Cenci, 2012). Indeed, enhanced extracellular levels of glutamate are paralleled by
compensatory modifications of the expression and subcellular distribution of both
ionotropic and metabotropic glutamate receptors (iGluRs and mGluRs,
respectively) in the basal ganglia circuitry in animal models of LID (Mela et al.,
2012; Paolone et al., 2015; Robelet et al., 2004; Sgambato-Faure and Cenci, 2012).

Interestingly, an increased activation of striatal iGluRs, namely NMDA
receptors, has been demonstrated in PD patients following treatment with L-DOPA
(Ahmed et al., 2011). The multitarget drug, amantadine, is currently used for the
clinical management of LID, and its antidyskinetic effects are partly attributed to
non-competitive antagonism of NMDA receptors (Danysz et al., 1997; Paquette et
al., 2012). However, amantadine is also associated with severe side effects, such as

Glutamatergic input

from cortex
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Figure 4. Non-dopaminergic targets within the DA-denervated striatum. The drawing depicts potential receptor
targets for the treatment of LID investigated in this thesis. Receptors are shown if > 50% of the indicated cell category
is estimated to express it, and larger receptor sizes indicate ~100% expression. Moreover, the larger size of SPNs than
ChiNs reflects their larger number and perceived importance. Adapted with permission from Cenci et al. (2022).
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hallucinations, delusion, and constipation (Rascol et al., 2021), that eventually may
lead to treatment termination.

On the other hand, the metabotropic receptor type 5 (mGIuRS) in particular, has
attracted considerable interest as a target in LID. The mGIluRS is expressed
postsynaptically in striatal SPNs and interneurons, as well as in the cerebral cortex,
hippocampus, and STN (Kerner et al., 1997; Kuwajima et al., 2007; Tallaksen-
Greene et al., 1998). It couples to the G-protein subtype Gag, and binding of
glutamate will therefore stimulate phosphoinositide hydrolysis and intracellular
calcium release resulting in increased neuronal excitability (Pin and Acher, 2002).
The striatal expression of mGluRSs has been found to be upregulated in animal
models of LID and in PD patients (Konradi et al., 2004; Ouattara et al., 2011;
Sanchez-Pernaute et al., 2008). Accordingly, several studies have found that
negative allosteric modulators (NAMs) of mGIuRS can improve dyskinesia (Bezard
et al., 2014; Mela et al., 2007; Morin et al., 2013; Rylander et al., 2010), an effect
that is associated with a partial normalisation of the DI receptor-mediated
accumulation of AFosB (Levandis et al., 2008) and overactivation of ERK1/2 in the
dSPNs (Fieblinger et al., 2014b; Sebastianutto et al., 2020). In line with these
findings, a recent study found that mGluR5s can form heteromeric complexes with
D1 receptors, and that such heteromers are upregulated in the striatum in rodent
models of PD and LID (Sebastianutto et al., 2020). These functional interactions
likely explain the efficacy of mGluRS NAMs in reducing dyskinesias induced by
specific stimulation of D1 receptors (Iderberg et al., 2013; Sebastianutto et al.,
2020).

The cholinergic system in LID

In addition to the neurotransmitter systems covered so far, LID expression involves
a complex interaction between the dopaminergic and cholinergic system. In fact,
5% of striatal neurons are interneurons forming dense microcircuits within the
striatum, of which approximately 1% are cholinergic (Kawaguchi et al., 1995). In
the dorsal striatum, the Gaio-coupled M4 receptor is the most abundant muscarinic
acetylcholine receptor (mAChR). The M4 receptor is preferentially expressed
postsynaptically in dSPNs, but also presynaptically on ChINs functioning as an
autoreceptor (Tayebati et al., 2004; Yan et al., 2001). Since the terminals of ChINs
overlap with dopaminergic neurons, activation of the M4 receptors can suppress D1
receptor signalling through adenylyl cyclase (Jeon et al., 2010; Sanchez et al., 2009),
and has therefore been suggested as a potential antidyskinetic target. Accordingly,
treatment with M4 positive allosteric modulators (PAMs) was recently found to
ameliorate LID in both rodent and primate models of PD without compromising the
symptomatic benefit of L-DOPA (Shen et al., 2015). In line with these findings, a
worsening of LID has been found upon treatment with an M4 receptor antagonist,
although opposite effects were seen for dyskinesias induced by a D1 receptor
agonist (Chambers et al., 2019). In contrast, a recent study reported that LID was
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alleviated by both positive allosteric modulation and antagonism of the M4 receptor
(Brugnoli et al., 2020), suggesting that both pre- and postsynaptic mechanisms may
contribute to the modulatory effects of mAChR on dyskinesia.

In Paper 1V, the antidyskinetic properties of ligands targeting these non-
dopaminergic systems are evaluated in two distinct preclinical models of dyskinesia.

Mechanisms of drug-induced ICBs

In PD patients, the dopaminergic projections to the ventral striatum are relatively
unimpaired (Kish et al., 1988). Nevertheless, the development of ICBs in PD
patients has been proposed to depend on sensitised DA transmission in limbic
regions, in particular induced by treatment with DA agonists. Specifically, the
availability of D2/3 receptors and DA transporters (DAT) plays a key role in the
development of ICBs in PD patients. Indeed, molecular neuroimaging studies in PD
patients with ICBs have reported decreased D2/3 receptor binding in the ventral
striatum compared to non-impulsive PD patients, likely indicating lower D2/3
availability (Payer et al., 2015; Steeves et al., 2009). During a gambling task,
Steeves and co-authors furthermore showed an increased release of DA in the
ventral striatum in patients with pathological gambling (Steeves et al., 2009). This
might be linked to low levels of midbrain D2/3 autoreceptors (Ray et al., 2012),
which provide a negative feedback control over striatal DA release. Thus, patients
with low midbrain receptor density might have greater dopaminergic responses to
reward, and therefore be more impulsive. The DA transmission in the striatum is
moreover regulated by presynaptic DATs. Importantly, a reduced striatal DAT
availability in medicated PD patients is often associated with an increased risk of
ICBs (Cilia et al., 2010; Navalpotro-Gomez et al., 2019; Voon et al., 2014), and may
even precede ICB development (Vriend et al., 2014). In the ventral striatum, reduced
DAT binding has indeed been found to be inversely correlated with the clinical
severity of ICBs (Navalpotro-Gomez et al., 2019). Altogether, these alterations
might result in the overstimulation of ventral striatal circuits that contribute to an
increased drive towards rewarding stimuli.

The development of ICBs also depend on the ability to inhibit urges and
responses controlled by frontocortical regions, such as PFC and cingulate cortex.
Thus, altered frontocortical activity may lead to impairments in response inhibition
and risk assessment. Indeed, increased D2/3 receptor binding has been reported in
the ACC and orbitofrontal cortex (OFC) in PD patients with pathological gambling,
indicating a low dopaminergic tone in these regions (Ray et al., 2012). The results
from functional imaging studies in PD patients with ICBs are however more
complex, reporting both reduced and enhanced activity in the PFC, OFC, and ACC
(Cilia et al., 2008; Hammes et al., 2019; Petersen et al., 2018; van Eimeren et al.,
2010). In studies of resting-state functional connectivity, treatment-induced ICBs in
PD patients are often associated with a disconnection between frontocortical and
striatal areas of the limbic circuits (Carriere et al., 2015; Hammes et al., 2019;
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Ruitenberg et al., 2018), while an increased connectivity has also been reported
(Petersen et al., 2018). Additionally, divergent results have been observed in
functional imaging studies using reward-related tasks in PD patients with ICBs
(Frosini et al., 2010; Paz-Alonso et al., 2020; Politis et al., 2013; Rao et al., 2010;
Voon et al., 2011a). Moreover, it is important to note that several recent studies have
reported alterations in brain-wide networks, including the salience, executive, and
default-mode network (Imperiale et al., 2018; Mata-Marin et al., 2021; Tessitore et
al., 2017). In addition to a disconnection between these networks, another study
recently revealed an enhanced functional coupling within the salience network in
PD patients with ICBs (Navalpotro-Gomez et al., 2020). This increased within-
network connectivity was directly correlated with the clinical severity of impulsivity
and novelty-seeking only in patients exhibiting ICBs. Although these studies point
towards an important role of dopaminergic therapies in altering the frontocortical-
striatal signalling in PD patients with ICBs, the diverging findings highlight the
complexity of the underlying mechanisms responsible for the development of ICBs
in PD patients.

In addition, other alterations in limbic cortical regions have been described in
PD patients with ICBs, including an increased cortical thickness in the ACC, OFC,
and frontal pole (Hammes et al., 2019; Pellicano et al., 2015; Tessitore et al., 2016).
Importantly, Tessitore et al. (2016) found that these abnormalities in cortical
thickness correlated positively with the severity of ICBs. However, other studies
have reported a cortical thinning in fronto-striatal circuits in patients with ICBs
(Biundo et al., 2015; Imperiale et al., 2018), which encourages further investigations
on changes in grey matter volume in relation to ICBs in PD.

Experimental modelling of ICBs in PD

Further implications for an essential role of D2 receptors in ICBs come from rodent
studies investigating the rewarding or aversive properties of DA agonists using tests
of conditioned place preference/aversion (CPP/CPA). Indeed, stimulation of D2/3
receptors induces CPP, while D1 receptor stimulation mainly induces CPA,
suggesting a predominant role of D2 receptors in the reinforcing properties of
dopaminergic pharmacotherapies (Zengin-Toktas et al., 2013). The role of
striatonigral degeneration in D2 agonist-mediated behavioural reinforcement is
however still unclear. While some studies report similar results upon treatment with
D2 agonist in parkinsonian and control animals (Engeln et al., 2013; Zengin-Toktas
etal., 2013), others observe that lower D2 agonist doses are sufficient to induce CPP
in animal models of PD but not intact animals (Loiodice et al., 2017; Riddle et al.,
2012).

In rodents, ICBs are typically assessed using a variety of operant tasks that
measure response inhibition (motor impulsivity) and decision-making (cognitive
impulsivity). These tasks assess the inability to choose advantageous actions over
more immediate or risky choices. Utilising such tasks, it has been extensively
demonstrated that animals treated with D2/3 agonists display ICB characteristics
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like waiting impulsivity (Jiménez-Urbieta et al., 2020; Jiménez-Urbieta et al., 2019),
repetitive behaviour (Dardou et al., 2017), probability discounting, and risky
decisions (Holtz et al., 2016; Rokosik and Napier, 2012; Tremblay et al., 2017).
However, the impact of PD-related pathological dopaminergic signalling on the
development of these ICBs is still a matter of debate (Calandrella and Antonini,
2011; Vriend, 2018).

Using Fos protein expression as a biomarker, increased neuronal activation has
been reported in the dorsal and ventromedial striatum, as well as in the OFC (Dardou
et al., 2017) in 6-OHDA-lesioned rats with pramipexole-induced compulsive-like
behaviours. However, a recent study did not find a correlation between striatal
Fos/AFosB expression and premature responses in the 5-choice serial reaction time
task following pramipexole treatment in rats with mild parkinsonism induced by
nigral overexpression of alpha-synuclein and controls (Jiménez-Urbieta et al.,
2019).

This example illustrates that frequent discrepancies are encountered when
reviewing the experimental literature on therapy-induced ICBs. Compared to the
literature on motor features and LID, the number of available studies is moreover
limited. It is indeed challenging to model the neuropsychiatric complications of PD
therapy in animals, given their subjective nature, their yet unclear pathological
substrate, and the lack of clearly effective treatments in patients, which could be
used to validate the models. Nevertheless, the ICBs induced by PD
pharmacotherapy are a very important clinical problem in need of robust
experimental models to guide the development of new therapies.

Oscillations in cortico-basal ganglia circuits

There is a vast consensus that the pathophysiological features of PD and LID depend
on altered information processing in the cortico-basal ganglia loop, which is
reflected in the firing rate of single cells as well as changes in neuronal
synchronisation and functional connectivity at the population level (Cenci et al.,
2018). Although rhythmic so-called oscillatory activity in the basal ganglia circuitry
occurs in physiological conditions (Bevan et al., 2002; Courtemanche et al., 2003),
excessive neuronal synchronisation may limit the overall information coding
capacity of the circuit (Brittain and Brown, 2014). This is because synchronised
neurons are more susceptible to fire together, thereby reducing their independent
transmission of different information. Synchronised neuronal activity can be
derived from the low-frequency component (< 400 Hz) of the electric potential
difference recorded with extracellular intracerebral microelectrodes, and is referred
to as local field potentials (LFP). Mechanistically, LFPs are thought to reflect
rhythmic synchronisation of dendritic currents induced by excitatory and inhibitory
synaptic inputs to a population of cells located in close proximity to the recording
electrode (Buzsaki et al., 2012; Lindén et al., 2010). The oscillatory properties of a
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neuronal circuit therefore depend on the physiological features of the different cells
within the network (Singer, 2018; Wang, 2010). Accordingly, maladaptive changes
induced by the dopaminergic denervation in PD and the treatment with L-DOPA,
such as alterations in the relative strength of synaptic connectivity (Fieblinger et al.,
2014a; Gittis et al., 2011), may contribute to the emergence of oscillatory activity
in different parts of the cortico-basal ganglia-thalamic circuits (Cenci et al., 2018;
Richter et al., 2013). The further propagation of oscillatory activity within this
circuit can be facilitated by alterations in connection properties between distinct
brain structures (Beli¢ et al., 2016; Santana et al., 2014).

Oscillations associated with resting tremor and hypokinesia

Because resting tremor is one of the cardinal signs of PD, it was early on of great
interest to elucidate the pathophysiological mechanisms underlying parkinsonian
tremor. In PD patients, resting tremor is associated with neuronal oscillations at
tremor frequencies in the theta range (~4-7 Hz) recorded in several key nodes of the
basal ganglia circuitry, including the thalamus (Lenz et al., 1988), STN (Asch et al.,
2020; Rodriguez et al., 1998; Rodriguez-Oroz et al., 2001), and GPi (Magnin et al.,
2000). In a recent study, this resting tremor moreover showed a tendency to correlate
negatively with neuronal activities in the STN in a somewhat higher frequency range
(~13-35 Hz), referred to as beta oscillations (Asch et al., 2020).

Indeed, excessive beta oscillatory activities have been recorded during
parkinsonian hypokinetic states in various nuclei of the basal-ganglia circuitry in
both animal models of PD (Avila et al., 2010; Brazhnik et al., 2012; Sharott et al.,
2005; Singh and Papa, 2020), as well as in PD patients (Brown et al., 2001; Kiihn
et al., 2005; Priori et al., 2004). Beta activity has been found to decrease during both
movement preparation and execution (Joundi et al., 2013; Kiihn et al., 2004; Lofredi
et al.,, 2018), while a significant rebound is seen after movement termination
(Cassidy et al.,, 2002). In patients, beta oscillations correlate with clinically
evaluated parkinsonian motor signs (bradykinesia/rigidity) (Lofredi et al., 2022;
Neumann et al., 2016), and are suppressed by dopaminergic treatments or DBS. The
suppression of exaggerated beta activity correlates with a clinical improvement in
motor performance induced by the respective therapy (Kiihn et al., 2008; Kiihn et
al., 2006; Kiihn et al., 2009; Oswal et al., 2016). Similarly, treatment with L-DOPA
has been shown to reduce beta activity in 6-OHDA-lesioned rats (Avila et al., 2010;
Brazhnik et al., 2012; Dupre et al., 2016). It is however important to mention, that
critical differences exist between PD patients and animal models of PD with respect
to beta oscillations. For example, akinesia/bradykinesia can be induced in these
animal models without a simultaneous increase in beta activity (Ivica et al., 2018;
Pan et al., 2016), suggesting that beta activity in rodents is not the direct cause of
these motor symptoms. Moreover, beta oscillations are often divided into a low
(~13-20 Hz) and high (~21-35 Hz) frequency component. In PD patients, low beta
activity is more dominant within the STN, and has been associated with motor
impairment and the L-DOPA-induced suppression (Kiihn et al., 2009; Tsiokos et
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al., 2017). On the contrary, the most robust beta oscillation in awake, behaving
rodents is generally found at higher frequencies (Delaville et al., 2014; Delaville et
al., 2015), and it remains to be determined if these oscillations are sufficiently
comparable to the human beta.

The neural mechanisms specific to the generation of these pathological beta
oscillations 1is still a matter of debate. Various hypotheses have been proposed,
placing the origin within the enhanced intrastriatal signalling of ChINs or fast-
spiking interneurons (Gittis et al., 2011; McCarthy et al., 2011), the intrinsic
oscillatory properties of the GPe-STN network (Cruz et al., 2011; Holgado et al.,
2010; Magill et al., 2000), or the cortically emerging beta activity. Importantly, the
latter is suggested be either influenced by extrinsic synaptic drive from the basal
ganglia or thalamus (Sherman et al., 2016), or to be amplified by feedback inhibition
in the GPe-STN network (Baufreton et al., 2005; Litvak et al., 2011; Marreiros et
al., 2013). Nevertheless, it is currently unclear whether these mechanisms generate
or merely sustain ongoing beta oscillations.

Oscillations associated with LID

While neuronal oscillations in the theta range have generally been linked with
resting tremor, a more subtle theta activity was recently reported to display a weak
temporal coactivation with beta oscillations in the STN of PD patients, that
correlated negatively with tremor (Asch et al., 2020). This might be the same slow
oscillation (~4-10 Hz) that has been reported to increase in deep basal ganglia nuclei
after DA replacement therapy in both animal models of PD (Brys et al., 2018; Chen
et al.,, 2021; Wang et al., 2019) and in PD patients (Alonso-Frech et al., 2006;
Rodriguez-Oroz et al., 2011). In patients, theta activity increases particularly in the
presence of dyskinesia (Alonso-Frech et al., 2006), including diphasic dyskinesias
that often have a strong dystonic appearance (Alegre et al., 2012), and correlate with
its clinical evaluation (Giannicola et al., 2013). In light of these findings, it is
interesting to consider that theta oscillations in the deep basal ganglia nuclei are also
strongly associated with dystonic symptoms in cervical dystonia (Johnson et al.,
2021; Neumann et al., 2017; Pifia-Fuentes et al., 2019). Recent studies in 6-OHDA-
lesioned animals have confirmed the presence of theta oscillations during periods of
LID, in particular in the deeper nuclei of the basal ganglia (Brys et al., 2018; Tamte
et al., 2016; Wang et al., 2019). While these spectral changes have previously been
proposed to partly depend on the more active behavioural state, Wang and co-
authors recently showed a direct correlation between theta oscillations and
dyskinesia in this animal model (Wang et al., 2019).

Besides the increase in theta activity, oscillations in a narrow gamma frequency
range (~70-110 Hz, narrowband gamma; NBG) have been reported across cortico-
basal ganglia structures in PD patients after L-DOPA treatment (Brown et al., 2001;
Cassidy et al., 2002; Litvak et al., 2012; Trottenberg et al., 2006; Williams et al.,
2002). Similar NBG activity can be induced by STN-DBS in the absence of L-
DOPA (Wiest et al., 2021), and has been shown to correlate with the motor
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improvement induced by DBS (Muthuraman et al., 2020). Considering that the
power of broadband gamma oscillations increases in conjunction with voluntary
movements (Cassidy et al., 2002), increased NBG power, at least in the subcortical
structures, has generally been associated with the beneficial prokinetic effects of L-
DOPA. In contrast, Halje and colleagues proposed a direct pathological role of
cortical NBG oscillations (Halje et al., 2012). They found that persistent NBG
oscillations were only present in the DA-denervated motor cortex of the
hemiparkinsonian rat specifically during dyskinesia. These oscillations, as well as
the dyskinetic symptoms, could be suppressed by topical application of a D1
receptor antagonist on the cortical surface, which points to a strong link between
persistent cortical NBG oscillations and dyskinesia. Further supporting these
findings, cortical NBG oscillations have been shown to develop with the gradual
increase of dyskinetic symptoms induced by daily L-DOPA administration during
a priming period of 1 week (Dupre et al., 2016). This study furthermore showed that
the independent stimulation of D1 or D2 receptors can induce cortical NBG
oscillations in L-DOPA-primed rats. In addition, multi-structure LFP recordings in
animal models of LID have demonstrated that NBG oscillations are particularly
strong in cortico-striatal circuits, but can also be found in several other structures,
including the GPe, thalamus, and STN (Beli¢ et al., 2016; Brys et al., 2018; Tamt¢
et al., 2016). Importantly, these findings were later confirmed in PD patients, as a
result of long-term recordings performed using a combined DBS and
electrocorticogram device in dyskinetic subjects (Swann et al., 2016; Swann et al.,
2018). Through this experimental design, the authors revealed a strong association
between dyskinesia in PD patients and the same type of prominent NBG oscillation
as observed in the rat model of LID. Both in the motor cortex and in the STN, the
oscillation coincided closely with dyskinesia, while being minimally affected by
voluntary movements (Swann et al., 2016), suggesting that this NBG activity is
predominantly pathological rather than prokinetic.

In line with what has been reported for oscillations at lower frequencies, the
generation of strong NBG oscillations at a network level might depend on
neurochemical, physiological, and cellular changes induced by the degeneration of
dopaminergic neurons and DA replacement therapy with L-DOPA. The underlying
mechanisms responsible for promoting these high frequency oscillations have
however attracted much less attention. Nevertheless, several aforementioned studies
points towards an important role of the motor cortex (Dupre et al., 2016; Halje et
al., 2012; Swann et al.,, 2016). One hypothesis therefore proposes that NBG
oscillations are intrinsically generated in the cortical network from interactions
between principal cells and inhibitory interneurons, and then spread to subcortical
structures (Cenci et al., 2018). Considering the strong influence of thalamic input
on cortical activity, another hypothesis suggests that rhythmic thalamic inputs could
drive the cortical NBG oscillations in LID (Petersson et al., 2019). Indeed,
preliminary experimental findings suggest that cortical and thalamic nuclei display
coherent NBG oscillations during LID, and that a local pharmacological suppression
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of these thalamic nuclei eliminates NBG activity in the motor cortex, although a
concomitant alleviation of LID was not seen (Dupre, 2015). At present, an in-depth
dissection of the underlying mechanisms is necessary to further the understanding
of how cellular processes can induced such network dysfunctions and ultimately
improve our understanding of LID.
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The focus of this thesis has been to develop improved experimental models
and biomarkers to advance translational research on the motor and
neuropsychiatric complications of PD therapy. To achieve this, we pursued
the following aims:

L. To address the relationship between network oscillations and motor
activity in rat models of parkinsonism

II.  To compare network oscillations induced by selective DA agonists of
D1 and D2 receptors in a rat model of LID

III. To examine the impact of adjunct treatment with DA agonists on
patterns of LID-related neuroplasticity and drug responses

IV. To develop models of neuropsychiatric complications induced by DA
agonist treatment, given alone or combined with L-DOPA
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Animals

Adult, female Sprague-Dawley rats used in the present thesis were purchased from
Janvier Labs (Paper I-IV) or the central vivarium of the University of Chile Medical
Faculty (Paper I). Animals weighed approximately 225-250 g on arrival. They were
housed in standard cages on a 12 h light/dark cycle with ad libitum access to food
and water.

Surgical procedures

Animal models of PD

In Paper I-111, unilateral nigrostriatal DA denervation was induced by injecting the
neurotoxin 6-OHDA (Sigma Aldrich AB) into the MFB according to a well-
established method (Cenci and Lundblad, 2007; Francardo et al., 2011). Briefly, the
toxin was dissolved at a concentration of 3.5 ug/ul (free base) in 0.2% ice-cold
ascorbate-saline and used within 2 h. Two injections of 2.5 and 2 pl toxin solution
were performed at a rate of 1 pl/min at the following coordinates (in mm relative to
bregma and dural surface): (1) anterior-posterior (AP) = -4.0, medial-lateral (ML) =
-1.2, dorsal-ventral (DV) = -7.8, with tooth bar in flat skull position; (2) AP = -4.0,
ML =-0.8, DV = -8.0, with tooth bar at +7.9 from flat skull position. Only animals
exhibiting < 25% contralateral forelimb use in the cylinder test were included in the
study ensuring selection of animals with severe (> 80%) unilateral DA denervation
in the striatal motor regions (Francardo et al., 2011; Lundblad et al., 2002).
Furthermore, the efficacy of the lesions was verified post-mortem using TH
immunohistochemistry. Rats included in the studies had > 90% reduction in the
density of striatal DA fiber terminals in the lesioned hemisphere relative to the intact
hemisphere.

In Paper I and IV, bilateral striatal DA denervation was performed according to
previous studies (Jiménez-Urbieta et al., 2020; Riddle et al., 2012). The toxin 6-
OHDA was dissolved at a concentration of 3.3 pg/ul (Paper I) or 3.75 pg/ul (Paper
IV) (free base) in 0.2% ascorbate-saline. In Paper I, severe bilateral DA denervation
was induced by three injections of 2 pl toxin solution at a rate of 1 pl/min in each
side of the striatum at the following coordinates (flat skull position): (1) AP =+1.0,
ML =43.0, DV =-5.0; (2) AP=-0.1, ML =+£3.7, DV =-5.0; 3) AP=-1.2, ML =
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4.5, DV = -5.0. Sham lesions were carried out injecting the same volume of
ascorbate-saline solution. In Paper IV, mild DA denervation (< 50%) was induced
by injecting the toxin bilaterally into the DLS at the following coordinates (flat skull
position): AP = +0.7, ML = £3.4, DV = -4.5. A total of 2 ul toxin solution was
injected at a rate of 0.5 ul/min. Sham lesions were carried out by placing the needle
at the coordinates without injection. The efficacy of the 6-OHDA lesions was
evaluated three weeks following surgery using the stepping test (Paper [V) and post-
mortem using TH immunohistochemistry (Paper I and I'V).

Implantation surgeries

In Paper I-1I, electrode implantation surgeries were performed at least two or six
weeks after bilateral (Paper I) or unilateral (Paper I-II) 6-OHDA-lesions,
respectively. Arrays of tungsten microwire electrodes (33 mm, California Wires)
were prepared as previously described (Ivica et al., 2014). Target coordinates and
main references are presented in Table 1. All wires from each hemisphere were
connected to a custom-designed printed circuit board and secured with UV-curable
adhesive (Dymax). A 125 um silver wire (Advent Research Materials Ltd) on the
electrode array was attached to screws in the frontal and occipital skull bone for
ground connection, and the implant was anchored to the screws in the skull with
dental acrylic cement (Kerr) also covering the ground wires for electrical insulation.

Table 1. Coordinates of brain regions targeted by recording implant.

Target brain region Center coordinates (mm) Main references

Rostral forelimb area (RFA) AP 3.75, ML 2.0, DV -1.0 (Neafsey et al., 1986;
Neafsey and Sievert, 1982)

Forelimb area of the primary motor cortex AP 1.76, ML +£2.71, DV -1.0 (Gioanni and Lamarche,

(M1FL) 1985; Neafsey et al., 1986)

Dorsomedial striatum (DMS) AP 0.11, ML £ 2.65, DV -3.75 (West et al., 1990)

Dorsolateral striatum (DLS) AP 0.11, ML £4.07, DV -4.0 West et al., 1990)

Trunk area of the primary motor cortex (M1Tr) AP -0.75, ML + 1.625, DV -1.0 Neafsey et al., 1986)

(
(
Globus pallidus pars externa (GPe) AP -1.0, ML + 3.125, DV -6.125 (Chen et al., 2011)
Substantia nigra pars reticulata (SNr) AP -55 ML +245,DV-7.8 (Wang et al., 2010)

Center coordinates are given in mm relative to bregma (for AP and ML) and cortical surface (for DV) with tooth bar in
flat skull position.

Drugs

An overview of the compounds (and respective vehicle controls) administered in
vivo is reported in Table 2. For detailed protocols regarding preparation of solutions
and study designs, please refer to the method sections of Paper I-IV.
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Table 2. Compounds administered in vivo

Drug Receptor  Principle Dose Animal Supplier Vehicle Inj. Paper
target of action model Route

L-DOPA DA Agonist 6 Uni Sigma Saline + s.C. 1]
3/6 Uni Aldrich benserazide n
6/24 Bi v

Sumanirole D2 Agonist 2 Uni Tocris Saline s.C. 1]

Ropinirole D2/3 Agonist 0.5/1.5 Uni HelloBio Saline s.C. 1]
0.5/2.5 Bi v

SKF82958 D1/5 Agonist 0.05 Uni Tocris Saline s.C. 1]

SKF38393 D1/5 Partial 2 Uni Sigma Saline s.C. 1]

agonist Aldrich
SCH23390 D1/5 Antagonist  0.05/0.25 Uni Abcam Saline i.p. 1]
L741626 D2 Antagonist  1/3 Uni Tocris DMSO s.C. 1]
(10%)
Amantadine  NMDA Antagonist  20/40 Uni Sigma Saline i.p. 1]
Aldrich

MK801 NMDA Antagonist  0.0175/0.035  Uni Abcam Saline s.C. 1]

MTEP mGIuR5 Antagonist  2.5/5 Uni Abcam Saline s.C. 1]

8-OH- 5-HT1a Agonist 0.035/0.05 Uni Tocris Saline s.C. 1]

DPAT

CP94253 5-HT1b Agonist 0.75/1 Uni Tocris Saline s.C. 1]

VU0467154 M4 PAM 5/10 Uni VCNDD Tween80 s.C. 1]l

(10%)

Behavioural testing

Abnormal involuntary movement (AIM) ratings

In unilateral rat models of PD, dyskinesias are recognised as movements that (i) are
induced by L-DOPA or other DA agonist treatments, (ii) affects the side of the body
contralateral to the lesion, and (iii) are repetitive, purposeless, and not identifiable
within any normal rodent behavioural pattern (Cenci et al., 1998). These AIMs are
classified into three subtypes based on their topographic distribution: (i) axial AIMs
are contralateral flexion of the neck or torsion of the upper trunk, (ii) limb AIMs are
repetitive jerks or dystonic posturing of the contralateral forelimb, and (iii)
orolingual AIMs are bursts of empty chewing movements with or without jaw
opening or tongue protrusion (Cenci et al., 1998; Cenci and Lundblad, 2007). Each
AIM subtype was rated using a frequency scale and an amplitude scale, both having
severity grades from 0 to 4. The frequency scale considers the proportion of
observation time during which a dyskinetic movement is present (Cenci et al.,
1998), whereas the amplitude scale evaluates the deviation of dyskinetic body parts
from their natural resting position and the number of muscle groups visibly engaged
in the dyskinetic movement (Cenci and Lundblad, 2007; Sebastianutto et al., 2016).
Rats were placed individually in transparent cages and were allowed to habituate
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for approximately 15 min before each test session. Following drug administration,
the three AIM subtypes were rated simultaneously with respect to their frequency
and amplitude for monitoring periods of 1 min every 20 min for 3 h (Paper III) or
every 5 min for the first 20 min and then every 10 min for the rest of the test session
(Paper II). In Paper III, locomotor activity with a contralateral turning bias was
evaluated simultaneously using the frequency scale. A composite AIM score was
then produced by multiplying the frequency score and amplitude score for each AIM
subtype on each monitoring period. Then, all AIM scores were summed to obtain a
global measure of dyskinesia for each test session (global AIM score).

Cylinder test

A test of spontaneous limb use during vertical exploratory behaviour (cylinder test)
was used to evaluate the efficacy of DA denervation in the striatum induced by the
unilateral 6-OHDA lesions in Paper I-III. This test takes advantage of the animals’
innate drive to explore a new environment by rearing against the enclosing walls.
Briefly, the rats were placed individually in a glass cylinder flanked by mirrors and
video recorded for 3-5 min. The total number of supporting wall contacts performed
independently with the left and right forepaw was counted. The performance of the
forepaw contralateral to the lesion (left paw) was expressed as a percentage of the
total number of wall contacts recorded in a session.

Stepping test

The stepping test (also called forelimb paw-adjusting step test) was used to evaluate
the efficacy of bilateral DA depletion (Paper IV) and the effects of drug treatments
on the lesion-induced forelimb hypokinesia (Paper III-1V). The ability of each rat to
perform adjusting steps in response to experimenter-imposed lateral movements
was investigated as previously described (Jiménez-Urbieta et al., 2020; Winkler et
al., 2002). Briefly, each rat was held firmly with its hindlimbs and one forelimb
restrained, letting the unrestrained forelimb contact a table surface. Then, rats were
moved 90 cm laterally in the direction towards the rat’s midline during a 5 s period
while a second experimenter counted the number of adjusting steps. Three weeks
post lesion, animals were habituated to the handling associated with this test for 3-
5 consecutive days. In bilaterally lesioned animals, this was followed by one day of
testing to evaluate the efficacy of the lesion (Paper IV). To evaluate the effects of
chronic treatments, the test was applied on 3 consecutive days to reach a stable
baseline performance followed by 1 day of testing. The test was carried out at 25
min (Paper IV) or 60 min (Paper III) following drug injection. The results are
expressed as the number of forelimb-adjusting steps per session performed with the
paw contralateral to the lesion (Paper III) or with both paws in bilaterally lesioned
animals (Paper IV).
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Ratings of stereotypic behaviours

In Paper I1I, video recordings obtained during the AIM rating sessions were used to
evaluate motor activities with stereotypic features (sniffing, rearing, grooming)
(Kelley, 2001). These behaviours were individually rated during monitoring periods
of 1 min every 20 min for 60 min following drug administration. A rating scale from
0.0 to 1.0 was used to express the fraction of observation time during which each
behavioural item was evident (where 1.0 means, item present during 100% of the
monitoring period). Results are expressed as an average of the three types of
stereotypic behaviour and the three monitoring periods (20, 40, 60 min).

Open field test

In Paper 1V, the open field test was performed to assess motor activity motivated by
the exploration of a novel environment (Archer, 1973; Roth and Katz, 1979).
Furthermore, when placed in an open field, rodents spontaneously prefer the
periphery (outer zone) to the central parts (inner zone) of the arena, a behaviour
called thigmotaxis. Increases in the time spent or locomotion in the inner zone can
be interpreted as an anxiolytic-like effect of the investigated drug (Prut and Belzung,
2003). The open field test consisted of an open squared box (80 x 80 cm) and a
camera suspended above the arena, which tracks the position of the animals’ head,
body, and tail at selected time points using a video tracking system (ANY-maze,
Stoelting Europe). The open field arena was virtually divided in two zones: the outer
zone and the inner zone (see Figure 17A). During each session, animals were placed
individually in the center of the arena and were allowed to explore the arena freely
for 90 min. The test was carried out before initiating treatments as a baseline
measure as well as during chronic treatment starting 15 min following injection.

Elevated plus maze (EPM)

In Paper 1V, anxiety-related behaviours were assessed in the elevated plus maze
(EPM), that relies upon rodents’ aversion to open spaces and heights (Handley and
Mithani, 1984; Pellow et al., 1985; Walf and Frye, 2007). The EPM (Med-
Associates Inc.) consisted of two opposing open arms (length: 50.8 cm, width: 10.16
cm), two opposing wall-enclosed arms (wall height: 40.49 cm), and a center area
(10.16 cm per side) as well as a camera suspended above the arena to evaluate the
behaviour using a video tracking system (ANY-maze, Stoelting Europe). Animals
were placed individually in the centre and was allowed to explore the arena freely
for 5 min. The test was carried out during chronic treatment starting 15 min
following injection.

Compulsive checking test

In Paper IV, compulsive checking behaviour was assessed using a test previously
introduced by Szechtman et al. (1998) for the evaluation of quinpirole-induced
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compulsive checking. Briefly, the compulsive checking arena consisted of an open,
squared platform (140 x 140 cm) with four plexiglass boxes placed at fixed locations
and a camera suspended above the platform to evaluate the behaviour using a video
tracking system (ANY-maze, Stoelting Europe). Animals were placed individually
in the center of the platform and were allowed to freely explore the platform for 45
min. The test was carried out before initiating treatments as a baseline measure as
well as during acute and chronic treatments with different doses starting 15 min
following injection. According to Eilam and Golani (1989), rats establish one or two
key locations (home base(s)) and organize their behaviour in relation to them. Thus,
the platform was virtually divided into 25 zones of 35 x 35 cm of which the outer
zone extended 17.5 cm outside the platform. For each rat, the home base(s) were
defined as the zone(s) with the highest total duration of stops, where stops refer to
periods of no locomotion (Szechtman et al., 1998). Compulsive checking behaviour
is present if the rat returns to the home base(s) excessively more frequently than to
other zones, excessively rapid, and perform less stops before returning to the home
base(s) (Szechtman et al.,, 1998). Therefore, compulsive checking behaviour
parameters were characterised with reference to the home base(s). For detailed
descriptions of these criteria measures please refer to the method section of Paper
Iv.

Rat lowa Gambling Task (rIGT)

In Paper IV, decision-making processes were investigated in 6-OHDA-lesioned rats
using the rat lowa Gambling Task (rIGT) previously introduced by van den Bos et
al. (2006). The rIGT apparatus consisted of a start box, a choice area, and four goal
arms. Of the four goal arms, two arms were baited and two arms were empty. The
latter were introduced as a control for non-specific exploration and potential spatial
learning deficits (de Visser et al., 2011; van den Bos et al., 2014). The two baited
arms consisted of a long-term advantageous arm (8 reward pellets and 2 quinine-
saturated pellets per 10 choices) and a long-term disadvantageous arm (3 reward
pellets and 27 quinine-saturated pellets per 10 choices). Briefly, one week of
habituation was followed by two 5-day periods of testing to receive a total of 120
trials, during which the animals were mildly food deprived. Treatments were
administered 15 min before initiating each test session. At the beginning of each
trial, animals were placed individually in the start box. Once the rat had entered a
goal arm with its full body, the chosen arm was closed, preventing the rat from
leaving the choice arm before exploring the reward cup. The data were expressed in
blocks of 12 trials and scores in the last session were chosen as a measure of final
performance. For detailed descriptions of these measures please refer to the method
section of Paper V.
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Video tracking analysis

In parallel with electrophysiological recordings in Paper II, animals were recorded
with digital video (25 frames/s, Genie HM640 GigE camera; Teledyne DALSA).
Animals were filmed from the side and above while freely moving in a circular
arena (diameter 55 cm). After 10 min of habituation, the rats were anaesthetised
with isoflurane (5%) to connect the implant to the recording headstages. Upon
recovery, the animals were recorded for 50 min to establish baseline/vehicle
conditions whereafter they received a treatment injection followed by a further 3 h
of recording.

The position of each rat was tracked from the top camera videos using the open-
source tool DeepLabCut (Mathis et al., 2018). Briefly, a total of 1221 frames picked
randomly from 23 videos were used to label different body parts of the rat in order
to train a deep learning network over 1030000 iterations. This network was used to
track 7 body parts from the top camera videos. Then, x and y coordinates of those
body parts were extracted using MATLAB (MathWorks), considering only a
detection likelihood of > 0.9. For the analysis of egocentric rotational behaviour,
full 360° turns were calculated from the direction of the animal, defined as the
direction of the line between the front of the animal and the base of the tail. Next,
we examined the motor activity and speed in the open-field arena by tracking the
body centroid of each animal.

In Paper I, the instant speed of motions was obtained by deriving the body
position in time from sequential video frames (15 frames/s, Flea2 FireWire 1394b
camera; Point Gray or 25 frames/s, Genie HM640 GigE camera; Teledyne DALSA)
using the open-source software Bonsai (Lopes et al., 2015). Synchronisation
between these video frames and accelerometer and electrophysiological signals was
performed using a Master-8 pulse generator (A.M.P.1.) or an Arduino system.

Electrophysiological recordings

Signal acquisition

In Paper I-II, wideband neuronal activity was recorded with an RHD2000-Series
Amplifier Evaluation System (Intan Technologies) and the software Open Ephys
GUI (Siegle et al., 2017). The wideband signals were bandpass filtered between 1
and 7600 Hz and digitized and recorded at 30 kHz. LFPs were extracted offline,
low-pass filtered (8th order Butterworth at 500 Hz) and downsampled to 1000
(Paper I) or 2000 Hz (Paper II).

LFP power spectral densities

In Paper I, LFP signals were divided into epochs of 1 s in steps of 0.5 s and the
power spectral density (PSD) was estimated for each epoch over the 0.5-80 Hz
frequency range in intervals of 1 Hz using the multitaper method. Specifically, the
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multiple discrete prolate spheroidal sequences tapers were used with a half-
bandwidth window of 2 Hz (three tapers). In Paper II, bipolar LFP time series were
computed from all unique pairs of wires within the same structure. For each of these
time series, a spectrogram (i.e., time series of PSDs) was estimated over the 0-250
Hz frequency range with Welch’s method (8 s Hann window with 50% overlap).
Then, power spectra for truly rhythmic activity were separated from arrhythmic
“fractal” activity using the irregular-resampling auto-spectral analysis (IRASA;
Wen and Liu (2016)) (see Figure 5). Least-square fitting of each spectrum to the
function

2
y(® = Ae'(fTB> +Df+E

allowed us to define the peak height (A) and peak frequency (B) parametrically and
to define criteria for when a peak was detected. This procedure resulted in a possible
detection each 4 s. The detection rate was then computed as the average of the binary
outcome and if sufficient detections were made (> 5%), further analysis of the power
and frequency was performed.
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Figure 5. Schematic representation of peak detection analysis. (1) Spectrograms (i.e. time series of power spectral
densities (PSDs)) were estimated for bipolar LFP time series. (2) Power spectra for truly rhythmic oscillatory activity
were separated from arrhythmic fractal activity using the irregular-resampling auto-spectral analysis (IRASA). (3) A
parametric function y(f) was fitted to each 8 s epoch of the spectral data. If parameters of the function were within
defined criteria, a succesful peak detection was declared (green). (4) Example spectrogram where each green point
marks an 8 s epoch with successful peak detection. Hatched pink square mark the segment of the spectrum fitted.
Extracted from Skovgard et al. (2022) (Paper Il), Figure 2.
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Phase synchrony and functional connectivity

To quantify the instantaneous phase of NBG oscillations in Paper II, the analytical
signal was calculated (hilbert, MATLAB) from monopolar LFP time series after
bandpass filtering + 5 Hz around the median frequency of each recording. Mean
phase differences and resultant vector lengths were calculated using the CircStat
toolbox (Berens, 2022). To obtain a good quality phase estimate, we only included
mean phase differences for wire pairs with a mean resultant vector length > 0.5,
assuming that a higher magnitude reflects a higher signal to noise ratio of the source
of interest and thus a better-quality phase estimate.

Motion Index analysis

In parallel to the electrophysiological recordings in Paper I, accelerometer signals
were recorded at a sampling rate of 30 kHz using analogue 3-axis accelerometers
(ADXL335), each located in the recording headstages (Intan Technologies)
connected to the chronic implant of the rats. Accelerometer data was extracted
offline, downsampled to 1000 Hz and divided into epochs similar to the LFP data
(1 s in steps of 0.5 s). Then, the average PSD of each axis was estimated over the 1-
45 Hz frequency range (see details above). High-pass filtering the data at 1 Hz
partially removed the gravity component such that this frequency interval mainly
includes the global characteristics of head movements. Next, the PSD was averaged
over the three axes to obtain a single value per epoch defined as the motion index.
To compensate for variabilities in positions of accelerometers, individual motion
index values were normalised to a common space. As a final step, a non-uniform
binning procedure was applied and the bin data was interpolated in a uniform grid
of 150 points between normalised motion indexes from -5 to 25.

Ex-vivo experiments

Tissue preparation and immunohistochemistry

Animals were anaesthetised with pentobarbital (Apoteksbolaget AB) either 1 or
> 24 h after the last treatment injection (for details refer to Paper I-IV). Then,
animals were transcardially perfused with 0.9% saline followed by 4% ice-cold
buffered paraformaldehyde. In Paper III-IV, brains were then rapidly removed, post-
fixed in the paraformaldehyde solution for 2 hours, and transferred to 25% sucrose
in 0.1 M phosphate buffer at 4°C for cryoprotection. In Paper I-II, however, heads
were kept in paraformaldehyde at 4°C until the computed tomography (CT)
scanning of the head had been performed for electrode placement verification,
whereafter brains were transferred to 25% sucrose solution. Coronal sections (30 or
40 pm thick in Paper I-II or Paper III-1V, respectively) were cut on a freezing
microtome, and then stored in antifreeze solution (0.5 M sodium phosphate buffer,
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30% glycerol and 30% ethylene glycol) at -20°C until processed for
immunohistochemical analysis.

Immunohistochemical stainings generally followed a series of well-
standardized steps. After quenching endogenous peroxidases (3% hydrogen
peroxide, 10% methanol in buffer solution), free-floating sections were pre-
incubated with blocking serum and then incubated overnight with one of the primary
antibodies listed in Table 3. Immunocomplexes were then revealed using one of the
biotinylated secondary antibodies listed in Table 4, followed by avidin-biotin
peroxidase solution (ABC Elite Kit, Vector Laboratories). The final colour reaction
was developed using 3,3’-diaminobenzidine. For a detailed description of each
immunostaining, refer to the method section of Paper I-IV.

Table 3. Primary antibodies used in immunohistochemistry

Antibody Host species Dilution Supplier Paper
Tyrosine hydroxylase (TH) Rabbit 1:1000 Pel-Freez I, 1, 1, v
Merck |

FosB/AFosB Rabbit 1:400 Santa Cruz I

u Opioid receptor (MOR) Rabbit 1:2000 IncStar 1]

Nestin Mouse 1:5000 BD Pharmingen 1]

Rat endothelial cell antigen 1 (Reca-1) Mouse 1:100 BioRad 1]
Albumin Sheep 1:30000 BioRad 1]

Table 4. Secondary antibodies used in immunohistochemistry

Antibody Host species Dilution Supplier Paper

BA 1000 anti rabbit Goat 1:200 Vector 1AL L IV
Laboratories

BA 6000 anti sheep Goat 1:200 Vector 1]
Laboratories

BA 2001 anti mouse Horse 1:200 Vector 1]
Laboratories

Image analysis and quantification

Pictures of slide-mounted brain sections were acquired using a digital camera
(Olympus DP72) mounted on a Nikon Eclipse 801 microscope (4x and 20x
objective; Paper I-1V) or an Epson L355 scanner (Paper I). Image analysis was
performed manually or using the open-source image processing package Fiji
(Imagel, NIH).

In Paper III, immunoreactive cells (AFosB) were quantified using an automated
particle count function applied after conversion to 8-bit images and setting a
threshold value. In Paper I and III, densitometric analysis (TH, albumin
extravasation) was performed after conversion to 8-bit images, using calibrated
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optical density units. In Paper IV, the extent of the lesions was calculated as the
dorsal part of the striatum showing immunoreactivity (TH) as a percentage of the
total area. In Paper III, manual quantification (Prussian blue-labeled hemosiderin
deposits, FosB/AFosB-MOR) was performed on randomly sampled areas picked by
the NewCAST software (Visiopharm). Moreover, immunopositive microvessels
(nestin) were quantified using an automated image segmentation software VIS
(Visiopharm Integrator System; Visiopharm). On randomly sampled areas, the
immunopositivity associated with blood vessels was separated from background
using a Bayesian algorithm-based pixel classifier.

Computed tomography (CT) scanning of the implanted microwire arrays

In Paper 11, the location of wires was identified using CT scanning of the implanted
microwire arrays (Mediso Nanoscan PETCT scanner), as previously described
(Censoni et al., 2022). Images were reconstructed with the thin-slice Ram-Lak filter
to obtain a 30 um side and 34 um slice thickness (voxel size). To identify the tip of
each wire in the resulting images, bregma and lambda were used as landmarks to
align the images to an atlas of the rat brain (Paxinos and Watson, 2007). To visually
optimise the alignment between the atlas and the CT scan, this was followed by a
manual calibration step. Finally, the coordinates of the wire tips in the atlas were
calculated from the voxel coordinates using the resulting affine transformation and
each wire was assigned the corresponding anatomical label in the atlas.

Statistical analysis

Statistical analysis was carried out using different versions of Prism (GraphPad
software), RStudio (RStudio, PBC), or MATLAB (MathWorks). Comparisons of
treatment effects over time and area under the curve were analysed using two-way
repeated measures ANOVA or Mixed-effects analysis, as appropriate. Post hoc
analyses were carried out using Tukey’s or Bonferroni’s multiple comparisons test.
When compared between groups on single sessions or time points, data was
analysed using Kruskal-Wallis test or one-way ANOV A/Mixed-effects analysis, as
appropriate. Post hoc analyses were carried out using Dunn’s or Tukey’s multiple
comparisons test, respectively. In Paper 11, Scheffe’s multiple comparisons test was
used as post hoc test for electrophysiological data. Moreover, phase relationships
were analysed using Wilcoxon signed-rank test or a MANOVA approach with
Scheffe’s multiple comparisons test as post hoc. For two-group comparisons
unpaired test was used. Relations between variables were examined using the
Spearman’s rank correlation coefficient (Spearman’s Rho). The unimodality test
was applied to analyse the shape of distributions.

Data were presented as group mean + SEM or as box plot and median, with
whiskers annotating minimum and maximum values. The level of statistical
significance was set at o = 0.05. In Paper II, p-values for electrophysiological data
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were adjusted to obtain multiplicity-adjusted results and the Bonferroni correction
was applied to account for multiple testing in the phase analysis.
Figure 1-3, 10A, 13A, and 16 were created with BioRender.com
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Results

Paper 1

Cortico-striatal oscillations are correlated to motor activity levels in
both physiological and parkinsonian conditions

Oscillatory activities in beta and NBG frequency bands have been suggested as
biomarkers for pathophysiological states of PD or dyskinesia, respectively, since
they show great similarity across species. These phenomena are currently being
investigated to serve as a feedback signal for adaptive or closed-loop controlled
delivery of DBS for the treatment of PD (reviewed in Bouthour et al. (2019)). Since
changes in beta oscillations are observed during different motor states (Brazhnik et
al., 2014; Courtemanche et al., 2003), differentiating the changes related to
parkinsonism from those occurring physiologically upon motor state transitions is
of great importance for the use of these oscillations as biomarkers of PD. To this
end, the aim of this first study was to examine how broad-frequency neuronal
oscillations change according to the levels of motor activity in both normal and
parkinsonian conditions. The study presented in Paper I is the result of a
collaboration between two research groups. For the purpose of this thesis, I will
mainly cover the part of the study addressed here in Lund.

Accelerometers provide a sensitive measure of motor activity

Both LFP and accelerometer signals were recorded from primary motor cortex (M1)
and DLS (Table 1) in both the intact and the lesioned hemisphere of unilaterally 6-
OHDA-lesioned rats. In this study, the motion index refers to the average PSD of
accelerometer signals obtained from three head-mounted accelerometers. This
accelerometer-derived motion index could accurately detect motor activity even
when performed with low or no actual navigation in the open arena. Furthermore,
the motion index correlated positively with the speed of the rat. Since the
distribution of the motion index was not unimodal, two distinct motor states were
defined: low motion associated with a state of minimum or no motor activity and
high motion associated with movement, but not necessarily actual navigation in the
arena (see Figure 6).
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Figure 6. Accelerometer-derived motion-index detects motor activity accurately and is positively correlated to
the speed of the rat. A Motor activity from a rat navigating the open arena (0-20 min) is apparent in both the speed
(top) and the motion index (bottom) traces. However, head or body movements with no actual navigation in the arena
were only detected by the motion index. B Normalised distribution of log speed and motion index. Notice the bimodal
distribution of the motion index, which can be separated in low and high states, in contrast to the unimodal distribution
of speed. Extracted from Moénne-Loccoz et al. (2020) (Paper 1), Figure 1.

Sorting LEP power spectral density according to motion index results in distinctive
oscillatory patterns

To study the relationship between motor activity and neuronal oscillations, we
correlated the motion index and the LFP power at different frequencies.
Specifically, LFP power bins were sorted in ascending order concerning the
concomitantly measured motion index, which revealed a neat relationship between
spectral broad-band power changes and motor activity levels (see Figure 7).
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Figure 7. Representation of a spectrogram
as a function of motion index reveals a tight
correlation between motor state and
oscillations at specific frequency bands.
A Example of a motion index (MI) trace (top)
with the corresponding spectrogram from the
right motor cortex of a bilaterally 6-OHDA-
lesioned rat (bottom). B The same spectrogram
but sorted according to the ascending motion
index. Extracted from Moénne-Loccoz et al.
(2020) (Paper I), Figure 2.
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frequencies above ~40 Hz was increased during high motion index levels. This was
seen in the motor cortex (M1) and striatum (DLS) of both the intact and DA-
denervated hemispheres. Spearman’s correlations furthermore confirmed a negative
correlation between the motion index and the power of LFP oscillations at low
frequencies (< ~30 Hz) and a positive correlation at high frequencies (> ~35 Hz).
While this analysis revealed a common feature between physiological and
parkinsonian conditions relative to the motor activity levels and oscillatory activities
in broad frequency bands, a difference in a characteristic narrow band (~25-40 Hz)
was apparent in both the cortex and striatum of the lesioned hemisphere. This
narrowband beta oscillation has previously been described during walking in the
DA-denervated SNr, STN, and cortex of hemiparkinsonian rats (Avila et al., 2010;
Delaville et al., 2015). Noteworthy, the sorting of the oscillations according to the
motion index revealed a novel characteristic of these beta oscillations, that is, the
shift from lower (~20 Hz) to higher (~30 Hz) frequencies as the motion index
increases (see Figure 8).
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Figure 8. Cortico-striatal oscillations are correlated to motor activity levels. A-D Representative examples of
motion index-frequency charts of PSD in decibels (dB; top) or z-score relative to low motion (bottom right), and
Spearman’s correlation (rho) between power and frequency (bottom left). Low motion index levels were associated with
an increase in power below ~30 Hz, while the power above that frequency increased with increasing motion index levels
in both the DLS (A-B) and M1 (C-D) of the intact (A and C) and lesioned (B and D) hemisphere of unilaterally 6-OHDA-
lesioned rats. Extracted from Moénne-Loccoz et al. (2020) (Paper 1), Figure 3.
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Summary of Paper I

The results of this study revealed that changes in broadband oscillatory activities of
the cortex and the striatum are closely correlated to ongoing motor activities
independent of parkinsonian conditions. Moreover, we show that the actual
frequency of high beta oscillations selective to DA-denervated states is positively
modulated when motor activity levels increase.
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Paper 11

Distinctive effects of D1 and D2 receptor agonists on cortico-basal
ganglia oscillations in a rodent model of L-DOPA-induced dyskinesia

In Paper I, we explored broad-frequency oscillatory activities and their association
with motor activity. However, the study was limited to normal and parkinsonian
conditions, and did not investigate changes in neuronal oscillations induced by
dopaminergic PD treatments. Indeed, LID has been found to be strongly associated
with oscillatory changes in a narrow gamma frequency band (Halje et al., 2019). To
elucidate the contribution of D1 and D2 receptors to the aberrant neuronal activity
patterns associated with LID, we set out to compare oscillatory responses in seven
critical nodes of the cortico-basal ganglia network induced by selective DA receptor
agonists or L-DOPA in unilaterally 6-OHDA-lesioned rats.

D1 and D2 receptors control different features of dyskinesia

Rats with unilateral MFB lesions were primed with L-DOPA (6 mg/kg). Following
electrode implantation, animals were treated sequentially with the same dose of L-
DOPA, the selective D2 agonist sumanirole (2 mg/kg) and the D1 agonist
SKF82958 (0.05 mg/kg). Drug-induced behaviours were rated to dissect the
different contributions of D1 and D2 receptor stimulation in the development of
LID. Dyskinetic behaviours were induced by all treatments, although with
differences in time course and overall severity. Specifically, the D1 agonist induced
significantly more dyskinesia than the D2 agonist at peak-drug effect (see coloured
bars in Figure 9A) in line with the effects of L-DOPA, although with a significantly
shorter time course. Furthermore, the relative expression of orolingual AIMs was
lower upon treatment with the D2 agonist compared to L-DOPA, whereas the axial
component was higher upon both D1 and D2 receptor stimulation, being significant
only for the D1 agonist compared to L-DOPA (see Figure 9).

Distinct patterns of open field motion upon D1 or D2 receptor stimulation

The different treatments resulted in different patterns of motion in the open field
arena. When treated with the D2 agonist, animals were able to explore the entire
surface of the arena, whereas horizontal locomotion was affected in L-DOPA- and
SKF82958-treated animals, as they remained confined to a restricted part of the
arena. Moreover, both DA agonists induced more contralateral turns compared to
L-DOPA, these turns being faster and narrower upon D1 receptor stimulation
compared to the other treatments (see Figure 10).
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Figure 9. Severity of dyskinetic behaviours induced by selective agonists of D1 or D2 receptors and L-DOPA in
unilaterally 6-OHDA-lesioned rats. A The global AIM scores peaked at 20-60 min post injection of SKF82958 and at
40-80 min for both L-DOPA and sumanirole (coloured bars). These periods were chosen for further analyses in order
to compare the treatments during functionally analogous time windows. B AIM scores calculated as sum of global AIMs
during peak drug effect. C Axial, limb, and orolingual (ALO) AIM scores represented as a percentage of the global AIMs
during peak drug effect. Tukey’s post hoc: &p<0.05 vs. veh, *p<0.05 vs. L-DOPA, #p<0.05 vs. SKF82958. Extracted
from Figure 3 and Supplemental Figure S4 of Skovgérd et al. (2022) (Paper II).

Narrowband gamma (NBG) oscillations strongly increased by D1 agonist

In parallel with the behavioural assessment, LFP recordings were performed
simultaneously in seven nodes of the cortico-basal ganglia network of both the intact
and the lesioned hemisphere (Table 1). When examining oscillatory activity in the
NBG frequency range, no activity was detected in the intact hemisphere nor after
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vehicle treatment in either hemisphere. Following treatment with L-DOPA and the
DA agonists, however, NBG oscillations appeared in several of the recorded
structures of the lesioned hemisphere coinciding temporally with the dyskinetic
behaviours. Specifically, the D1 agonist induced strong NBG oscillations in all the
recorded structures with the exception of SNr, whereas the D2 agonist only induced
NBG oscillations in forelimb motor cortical areas (RFA and M1FL) and DLS, and
with significantly inferior power compared to D1 agonist-induced NBG activity.
Moreover, the frequency of the elicited NBG oscillations was strongly modulated
by the pharmacological treatments, being highest after L-DOPA treatment and
lowest after treatment with the D2 agonist (see Figure 11). Importantly, NBG
oscillations were strongly correlated with global AIM scores in the majority of
structures recorded, being strongest in the forelimb region of the primary motor
cortex (MIFL), which further emphasises the close relation between NBG
oscillations and dyskinesia.

A L-DOPA SKF82958 SUM
—~ M1ELMITE MifkMITE ML MITe
T FA 3 RFAZ #  *
'
g o DMS +» DMS DMS
z3 DS, SNr DS, SNr DLS SNr 1
= = 2
= GPe GPe GPe T 'o 8
c
B =K.
o o4
ML MTF ML MTe ML MTe o
<w A RFA RFA 8 0.2
=T DMS DMS DMS 0
wo
|3_: & DLS SNr DLS SNr DLS SNr

M1FL M1Tr DMS DLS GPe SNr

— L-DOPA
— SKF82958
— sum

0 50 100 1500 50 100 1500 50 100 1500 ~ 50 100 1500 50 100 1500 ~ 50 100 1500 50 100 150
Frequency (Hz)

Figure 11. Spectral analysis of multi-structure LFP recordings. A-B Detection rate of NBG (A) or theta oscillations
(B) in the lesioned hemisphere during peak drug effect of L-DOPA (left), the D1 agonist SKF82958 (middle), or the D2
agonist SUM (right). C Averaged LFP power spectra (0-150 Hz) in cortico-basal ganglia structures of the lesioned
hemisphere during peak drug effect. Scheffe’s post hoc: *p<0.05 vs. L-DOPA, #p<0.05 vs. SKF82958, "p<0.05 vs.
SUM. Extracted from Figure 4 and Figure 8 of Skovgard et al. (2022) (Paper Il).

D2 receptor stimulation increases theta oscillations in the deep basal ganglia nuclei

Theta oscillations were present in all recorded structures in both hemispheres, and
the detection rate of theta activity was constant during the time course of the
dyskinetic behaviour with only minor changes in the early and late phase of
dyskinesia. In the GPe of the lesioned hemisphere, theta oscillations became more
prevalent upon treatment with the D2 agonist compared to the D1 agonist, and
showed significantly higher power compared to all other treatments during peak
dyskinesia. Moreover, the detection rate of theta oscillations in the SNr was
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increased bilaterally by D2 receptor stimulation compared to the other treatments
(see Figure 11). Noteworthy, a robust correlation between dyskinesia severity and
theta power was found in the GPe of the lesioned hemisphere, which is in contrast
to the weak correlations found for all other structures. Moreover, correlations
between theta power and an index of overall motions indicated that theta power
measured in the DA-denervated GPe upon D2 receptor stimulation was specifically
correlated with the expression of dyskinesia, whereas the bilateral theta-increases in
the SNr seemed to reflect an overall increase in horizontal motions.
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Figure 12. Phase synchrony and functional connectivity in the NBG frequency band. A Phase plots showing the
distribution of instantaneous phase differences between pairs of structures for NBG oscillations. Arrows reflect the mean
angular direction of the distribution of the mean phase differences. Scheffe’s post hoc: *p<0.05 vs. L-DOPA, #p<0.05
vs. SKF82958, "p<0.05 vs. SUM. Bonferroni correction: &p<0.05 vs. 0°. B-D Diagrams of NBG functional connectivity
for L-DOPA (B), SKF82958 (C), and SUM (D), as represented by the magnitude of the resultant vector of the phase
distributions (see colour scale). Extracted from Figure 7 of Skovgard et al. (2022) (Paper Il).

NBG phase synchrony reveals a stronger effect of DI receptor stimulation on
cortico-subcortical coupling

To identify potential drivers of NBG oscillations in the cortico-basal ganglia
network, we examined phase relationships between different structures during peak
dyskinesia severity. This revealed that NBG oscillations in the M1FL were leading
motor cortical and striatal structures, with a stronger effect following treatment with
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the D1 agonist, which suggests that this region might be a key driver of these
oscillations. In line with the consistent phase differences, primary motor cortical
areas (M1FL and M1Tr) showed strong functional connectivity within the cortex
and in the cortico-striatal circuit upon D1 receptor stimulation. Interestingly, RFA
and M1Tr showed functional connectivity to GPe, with a more pronounced role of
the D1 receptor (see Figure 12).

Summary of Paper 11

This study represents a comprehensive investigation of dyskinetic behaviours and
associated neuronal changes in cortico-basal ganglia networks induced by D1 or D2
agonists in a unilateral rat model of PD. First, we show how pharmacological
stimulation of either D1 or D2 receptors mediates different aspects of dyskinetic
behaviours. Then, we characterise the LFP oscillatory patterns in the cortico-basal
ganglia network induced by D1 or D2 agonists. In conclusion, the main finding of
this study is that drugs acting on D1 receptors induce strong network-wide NBG
oscillations, whereas D2 receptor stimulation induces weaker and topographically
more restricted NBG activity, while increasing theta oscillations in the deep basal
ganglia nuclei.
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Paper 111

Dopamine agonist cotreatment alters neuroplasticity and pharmacology
of L-DOPA-induced dyskinesia

In Paper 1 and II we investigated the neuronal oscillatory patterns related to
pathophysiological states of PD and dyskinesia to elucidate the potential of these
oscillations as biomarkers. In the second part of this thesis, we were interested in
exploring how dyskinesia as well as non-motor complications related to
dopaminergic treatments in PD are best modelled preclinically. Current models of
LID are obtained by treating DA-depleted animals with L-DOPA. However,
patients with LID receive combination therapies that often include DA agonists.
Thus, in this third paper, we aimed to establish whether adjunct treatment with the
D2/3 agonist ropinirole impacts on patterns of LID-related neuroplasticity and drug
responses in unilaterally 6-OHDA-lesioned rats.

Behavioural characterization of dyskinesia induced by L-DOPA and the D2/3
agonist ropinirole

In the first experiment, we compared the motor effects of chronic treatment with the
D2/3 agonist ropinirole and L-DOPA. Rats with unilateral MFB lesions were
divided into four groups to receive chronic treatment with either L-DOPA (3 or 6
mg/kg; LD3 or LD6) or ropinirole (0.5 or 1.5 mg/kg; R0.5 or R1.5). While all
treatments had a motor stimulant effect, only animals treated with LD6 developed
AIM scores meeting the criteria of moderate-severe dyskinesia as defined in Ohlin
et al. (2012). In contrast, treatment with LD3, R0.5, and R1.5 induced subthreshold
levels of AIMs in all test sessions. In the second treatment phase, animals from the
previous LD3, R0.5, and R1.5 groups were given daily injections of LD3+R0.5,
while animals previously treated with LD6 either continued on LD6 or were
switched to RO0.5. Interestingly, LD3+R0.5-cotreatment induced a gradual
development of AIMs, which reached the same severity as LD6 treatment
independent of the initial treatment allocation. In addition, treatment with
LD3+R0.5 induced AIM scores with similar subtype compositions as LD6, and
improved forelimb hypokinesia to a similar extent. However, switching from initial
LD6 to RO.5 dramatically reduced the AIM scores to levels below the criteria of
moderate-severe dyskinesia (see Figure 13).
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Figure 13. Study design and development of dyskinesia during the chronic drug treatments. A In experiment 1,
hemiparkinsonian rats were randomised to four treatment groups during the first treatment phase (LD3 n=14, LD6 n=23,
R0.5 n=10, and R1.5 = 10) and were then allocated to three treatment groups in the second treatment phase (LD6 n=9,
R0.5 n=14, and LD3+R0.5 n=34). Some animals continued to receive challenges with different antidyskinetic treatment
principles. In experiment 2, additional hemiparkinsonian rats were allocated to two treatment groups (LD6 n=10 or
LD3+R0.5 n=12) followed by drug challenges. B-C Time course of summed ALO AIM scores during the first (B) or the
second (C) treatment phase of experiment 1. Bonferroni’s post hoc: *p<0.05 vs. all other groups, +p<0.05 vs. LD6.
Extracted from Figure 2 of Espa et al., accepted manuscript (Paper Ill).

Different involvement of D1 and D2 receptors in dyskinesias induced by LDG6 vs.
LD3+R0.5

We assessed whether dyskinesias induced by LD6 or the combined treatment with
LD3+R0.5 differentially relied on D1 and D2 receptors by using selective
antagonists of the two receptor classes. The D2 antagonist, L741,626, produced
similar reductions of AIMs in both LD6- and LD3+R0.5-treated animals, mainly
affecting the end phase of the dyskinesia time curve. Interestingly, the DI
antagonist, SCH23390, markedly reduced LD6-induced AIMs throughout the test
session at both doses tested, whereas the effects in the combined treatment group
were moderate (see Figure 14). This suggests that LD6-induced dyskinesia relies
more on DI than D2 receptor stimulation, whereas dyskinesias induced by
combined treatment with LD3+R0.5 are less dependent on D1 receptor stimulation,
relying to a similar extent on the two receptor classes.
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Figure 14. Pharmacological indicators of D1 and D2 receptor engagement in dyskinesias induced by LD6 or
LD3+R0.5. A-B Effects of the D2 antagonist L-741626 (L74; 1 and 3 mg/kg) on the time course of ALO AIM scores
induced by LD6 (n=9) (A) or LD3+R0.5 (n=12) (B). Bonferroni’s post hoc: *p<0.05 vs. +veh, #p<0.05 vs. +L74 1. C Area
under the curve of AlMs per test session, expressed as percent of baseline (dashed line). Tukey’s post hoc: *p<0.05
vs. baseline. D-E Effects of the D1 antagonist SCH23390 (SCH; 0.05 and 0.25 mg/kg) on the time course of ALO AIM
scores induced by LD6 (D) or LD3+R0.5 (E). Bonferroni’s post hoc: *p<0.05 vs. +veh, #p<0.05 vs. +SCH 0.05. F Area
under the curve of AlMs per test session, expressed as percent of baseline (dashed line). Tukey’s post hoc: *p<0.05
vs. baseline, +p<0.05 vs. LD6+SCH 0.25. Extracted from Figure 3 of Espa et al., accepted manuscript (Paper Ill).

AFosB is differentially modulated in the two dyskinesia models

The development of LID is associated with an upregulation of striatal AFosB, a
response mediated by D1 receptors (Darmopil et al., 2009; Westin et al., 2007). At
the end of the second chronic treatment phase, the number of AFosB-positive
neurons was markedly increased in LD6-treated animals, whereas the increase in
LD3+R0.5-treated animals was less pronounced. Negligible levels of AFosB were
detected in rats treated with vehicle or R0.5 monotreatment. Since the relative
stimulation of D1 vs. D2 receptors affects the compartmental arrangement of Fos
protein expression (Paul et al., 1992; Wirtshafter and Asin, 2001; Wirtshafter et al.,
1997), we examined the distribution of AFosB-containing neurons in striosomes vs.
matrix. This analysis revealed a distinctively high striosome/matrix expression ratio
in LD3-R0.5-treated animals (see Figure 15).
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Expression of LID-related neuroplasticity markers

LID has been associated with neurovascular changes (Cenci, 2014), which correlate
with dyskinesia severity (Lerner et al., 2017; Westin et al., 2007) and depend on D1
receptor stimulation (Lindgren et al., 2009). We therefore examined markers of
angiogenesis and BBB hyperpermeability in the DLS and SNr, two regions
expressing prominent neurovascular plasticity in LID (Lindgren et al., 2009; Ohlin
etal.,2011; Ohlin et al., 2012). In both these regions, LD6-treated animals exhibited
an increase in nestin-immunoreactive microvessels (a marker of ongoing
angiogenesis) and parenchymal albumin immunoreactivity (a marker of BBB
leakage), as expected. Moreover, the number of perivascular hemosiderin deposits
(a marker of extravasated erythrocytes) in the SNr was increased upon treatment
with LD6. In contrast, the expression of these neuroplasticity markers in LD3+R0.5-
treated animals was not different from saline-treated controls.
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Figure 15. Molecular indicators of D1 and D2 receptor engagement during chronic drug treatments. A Automated
cell counts of AFosB immunoreactive cells across the striatum. A’-A”” Low-magnification photomicrographs showing the
distribution pattern of AFosB-positive cells in animals treated with LD6 (A’) and LD3+R0.5 (A”’). B Striosomal/matrix
expression ratio of AFosB-positive cells. B’-B”” Photomicrographs of double AFosB-MOR immunostained sections from
animals treated with LD6 (B’) and LD3+R0.5 (B”). Tukey’s post hoc: *p<0.05 vs. all other groups, #p<0.05 vs. R0.5
(Saline n=6, LD6 n=8, LD3+R0.5 n=8, R0.5 n=5). Scale bar: 50um. Extracted from Figure 3 of Espa et al., accepted
manuscript (Paper lll).
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Effects of different antidyskinetic treatment principles

In the last part of the study, we compared the responsiveness of the two dyskinesia
models to pharmacological principles currently used or considered for the treatment
of LID. Amantadine, a non-competitive antagonist of NMDA receptors, strongly
reduced LD3+R0.5-induced dyskinesia in all phases of the dyskinesia curve,
whereas the effects on LD6-induced dyskinesia were less pronounced. A similar
pattern of group differences was found using MK801, a selective uncompetitive
antagonist of NMDA receptors. This indicates that dyskinesias induced by
LD3+R0.5 cotreatment rely on NMDA receptor activity to a larger extent than LD6-
induced dyskinesias, which might be related to a stronger relative dependence of
LD3+R0.5-induced dyskinesias on D2 vs. D1 receptors.

Next, we investigated the antidyskinetic effects of drugs proven to modulate D1
receptor-mediated striatal signalling in LID (Cenci et al., 2022). MTEP, a selective
allosteric antagonist of mGluRS5, produced a marked reduction of peak dyskinesia
severity of LD6-induced dyskinesia, with modest effects on dyskinesia induced by
the combined treatment with LD3+R0.5. Similar patterns were seen following
treatment with the M4 PAM VU0467154, although the overall antidyskinetic effect
was quite modest in both the LD6 and LD3+R0.5 groups.

Lastly, we evaluated low-dose combinations of 5-HT1a and 5-HT1b receptor
agonists, that has been found to blunt peaks of striatal and nigral DA release that
accompany the expression of LID (Lindgren et al., 2010). The antidyskinetic effect
of the SHT1a/b agonists, CP94253 and 8-OH-DPAT, was overall similar in the two
dyskinesia models.

Summary of Paper 111

This study introduces and validates a new animal model of dyskinesia induced by
combined treatment with L-DOPA and the D2/3 agonist ropinirole. This
combination therapy produces dyskinesias that are phenotypically similar to the
classical LID model, although they significantly depart regarding neuronal and
microvascular plasticity patterns. Importantly, the combined treatment model is less
reliant on D1 receptors and likely to engage D2 receptors to a larger degree than
classical LID. Moreover, the two dyskinesia models exhibit partially different
responses to antidyskinetic treatment principles.
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Paper IV

Dopamine agonist drives impulsive-compulsive behaviours in rats
independent of L-DOPA cotreatment and early parkinsonism

The results of Paper I1I revealed a remarkable impact of DA agonist cotreatment on
LID-related neuroplasticity and pharmacological response profiles. Since the use of
DA agonists in PD has been associated with an increased risk of developing ICBs,
we set out to investigate if L-DOPA cotreatment would affect measures of ICB-like
behaviours induced by the D2/3 agonist ropinirole, and whether a possible effect of
L-DOPA would be contingent on the presence of DA denervation in motor striatal
regions.

Increased motor activity and anxiety-like behaviour upon treatment with the D2/3
agonist

To investigate motor and non-motor features of dopaminergic treatments, bilaterally
6-OHDA-lesioned rats and sham-lesioned controls were each divided into three
treatment groups to receive chronic administrations of L-DOPA (24 mg/kg, LD24),
the D2 agonist ropinirole (2.5 mg/kg, R2.5), or their combination (LD24+R2.5), in
line with the treatment paradigms of Paper III (see Figure 16). Three weeks post
lesion, 6-OHDA-lesioned animals showed persistent forelimb akinesia in the
stepping test, which was improved by all the dopaminergic treatments tested.

In the open field test, animals treated with R2.5 and LD24+R2.5 exhibited a
large increase in distance travelled and speed compared to vehicle and L-DOPA.
Moreover, R2.5-treated animals showed a marked increase in the time spent in the
inner zone and in the number of entries to the inner zone, indicating an anxiolytic-
like effect of the R2.5 monotreatment (see Figure 17). To investigate this effect
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Figure 16. Schematic representation of the study design. Bilaterally sham- and 6-OHDA-lesioned rats were divided
into three treatment groups (n=9 and n=10, respectively, in each treatment group) to receive treatment with LD6/LD24,
R0.5/R2.5, or the combined treatment of LD6+R0.5/LD24+R2.5. A separate group of 6-OHDA-lesioned rats received
0.9% saline (n=6). During the 6 weeks of treatment, animals were assessed in the open field, the EPM, the compulsive
checking test, and the rIGT. Extracted from Figure 1 of Skovgard et al., unpublished manuscript (Paper 1V).
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further, rats were evaluated in the EPM test. In line with the results of the open field
test, the D2/3 agonist strongly increased the number of entries to the open arms of
the maze in both lesioned and sham-lesioned animals. Moreover, lesioned rats
treated with LD24+R2.5 tended to spend more time in the open arms when
compared with LD24. This shows that L-DOPA did not modify the natural tendency
for open-arm avoidance, whereas ropinirole had an anxiolytic-like effect when
given alone or in combination with L-DOPA.
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Figure 17. Motor activity and anxiety-like behaviour in an open field arena in 6-OHDA- or sham-lesioned rats upon chronic
treatment with a D2 agonist, L-DOPA, or their combination. A Representative examples of track plots of motions within the
arena during the 90 min session. B Time course of distance travelled in the open field arena. C Maximum speed of motor activity.
D Time spent in inner zone (%) of the arena. Post hoc: &p<0.05 vs. Saline, *p<0.05 vs. LD24 Sham, **p<0.05 vs. LD24 Lesion,
#p<0.05 vs. LD24+R2.5 Sham, ##p<0.05 vs. LD24+R2.5 Lesion. Extracted from Figure 2 of Skovgdrd et al., unpublished
manuscript.

Compulsive checking behaviour is induced by the D2/3 agonist regardless of L-
DOPA cotreatment

The ability of the chronic drug treatments to induce compulsive behaviours was
assessed using a test originally introduced as a model of obsessive compulsive
disorder (Szechtman et al., 1998). Animals treated with ropinirole travelled
repeatedly between two zones of the arena. Specifically, R2.5- and LD24+R2.5-
treated rats returned to these home bases excessively often and rapidly compared to
saline and L-DOPA-treated animals. In line with these findings, there was a clear
trend for ropinirole-treated animals to visit fewer places before returning to the
home bases, reaching significance only for sham-lesioned animals compared to
LD24. Furthermore, animals treated with ropinirole showed a higher ratio of
observed to expected checks compared to L-DOPA and vehicle, which is a measure
of compulsive checking that considers the increased motor activity induced by
ropinirole (see Figure 18). Altogether, these findings suggest a clear trend of
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ropinirole to induce compulsive checking behaviour when administered chronically
alone or combined with L-DOPA.

We furthermore investigated the development of compulsive checking
behaviour by comparing the chronic effects already obtained to acute effects
induced by either low (LD6, R0.5, and LD6+R0.5) or high doses (LD24, R2.5, and
LD24+R2.5) of each treatment. Interestingly, repeated treatment with ropinirole
induced different patterns of change in the compulsive checking measures. While
most criteria measures tended to develop along repeated injections of ropinirole, a
difference in the length of checks was already seen upon acute treatment with low
doses of ropinirole and further sensitised with repeated injections. In addition, the
effects on the ratio of observed to expected checks were induced already at the acute
low dose, but did not develop consistently with repeated injections of ropinirole.
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Figure 18. Criteria measures of compulsive checking behaviour upon chronic drug treatments in bilaterally 6-
OHDA- or sham-lesioned rats. A Representative examples of track plots of motions within the arena during a 45 min
session. B-F Criteria measures of compulsive checking behaviour are presented during the last 30 min for
hyperlocomotive rats (R2.5 and LD24+R2.5) and during the total 45 min session for control and LD24-treated rats, and
includes frequency of checking (B), length of checks (C), recurrence time of checking (D), stops before returning to
checking (E), and the ratio of observed to expected checks (F). Post hoc: &p<0.05 vs. Saline, *p<0.05 vs. LD24 Sham,
**p<0.05 vs. LD24 Lesion. Extracted from Figure 4 of Skovgard et al., unpublished manuscript (Paper 1V).
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D2/3 agonist alters affective decision-making in 6-OHDA-lesioned rats

Following the first three weeks of chronic treatment, decision-making processes
were investigated in 6-OHDA-lesioned animals using the rIGT (van den Bos et al.,
2006). Animals treated with LD24 learned to discriminate between empty and
baited arm faster and to a higher degree than ropinirole-treated animals. Moreover,
the number of switches between different arms was consistently higher in
ropinirole-treated animals, which indicates a higher level of exploratory behaviour
induced by the D2 agonist. When investigating if the animals learned to discriminate
the advantageous arm from all other arms, we found a clear trend for animals in all
treatment groups to perform more advantageous arm choices at the last trial block.
Importantly, the fraction of advantageous arm choices upon treatment with LD24
was consistently and significantly higher than ropinirole-treated animals already
from trial block 73-84 onwards. Thus, LD24-treated animals learned to discriminate
the advantageous arms faster than ropinirole-treated animals (see Figure 19).
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For the advantageous arm choices, we further investigated the fraction of win-stay
or lose-shift for each treatment. Animals treated with LD24 tended to increase the
fraction of win-stay and decrease the fraction of lose-shift during the test. This is in
contrast to the trends seen in ropinirole-treated animals, where the fraction of lose-
shift tended to be stable along all trials with a minor increase in the fraction of win-
stay (see Figure 19). Altogether, this suggests that treatment with ropinirole, alone
or combined with L-DOPA, induces impairments in the ability to establish an
advantageous strategy along the task when compared to L-DOPA as monotherapy.

Measures of anxiety correlated with compulsive behaviour and overall performance
in the riIGT

Since ICBs are often accompanied by anxiety as a comorbidity (Schapira et al.,
2017; Voon et al., 2011b), we investigated the impact of anxiety-like behaviour on
measures of compulsivity and decision-making. Interestingly, we found that high
anxiety levels, as defined by the time spent on the open arms of the EPM, were
associated with low levels of compulsive-like behaviour as assessed in the
compulsive checking paradigm, while no significant correlation was found with the
fraction of advantageous arm choices in the rIGT. However, high anxiety levels
were associated with a lower overall task performance in the rIGT, as measured by
the total number of reward pellets collected.

Summary of Paper IV

The results obtained from Paper IV reveal that enhanced compulsivity and
impulsive decision-making are equally induced by a D2/3 agonist when
administered alone or combined with L-DOPA. Furthermore, our results show that
partial DA depletion of the striatum does not confer a greater risk of developing
compulsive behaviours, indicating that D2/3 receptor stimulation is sufficient to
induce these behaviours if sufficiently potent.
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Discussion

Preclinical models of LID have greatly improved our understanding of the
underlying pathology and guided clinical proof-of-principle trials across multiple
therapeutic targets (Fox and Brotchie, 2019). Nevertheless, it has proven difficult to
translate promising antidyskinetic principles to the clinic, which calls for an
improvement of both clinical trial methodology and preclinical models in this
translational area (Cenci et al., 2022; Fox and Brotchie, 2019). Currently, animal
models of LID are produced by administering L-DOPA monotherapy to severely
DA-denervated animals (Cenci and Crossman, 2018), which, however, does not
reflect L-DOPA-sparing practices used in the clinic. Indeed, in patients with
advanced PD and motor complications, L-DOPA is often combined with a DA
agonist to achieve longer-lasting therapeutic effects and reduce the daily L-DOPA
dose (Cenci et al., 2022). Although less prone to induce dyskinesia, the DA agonists
have a high liability to induce neuropsychiatric side effects, in particular ICBs
(Stocchi et al., 2020).

In this context, this thesis aims at developing improved experimental models to
advance translational research on the motor and neuropsychiatric complications of
PD therapy. Both well-established and new experimental models are used to define
correlations and causal links between regimens of dopaminergic treatment,
behavioural changes, and biomarkers of network and cellular dysfunction in the
cortico-basal ganglia circuitry. Importantly, the biomarkers examined in these
studies reflect neurophysiological or histomolecular alterations that are known to
also occur in human PD.

Biomarkers of network dysfunctions in the cortico-basal ganglia circuitry

The motor symptoms of PD as well as the motor complications of L-DOPA therapy
are associated with synchronised oscillatory activities in the cortico-basal ganglia
network. Specifically, motor symptoms of PD have been linked to beta oscillations
in deep basal ganglia nuclei (Brown et al., 2001), whereas dyskinesia has been
linked to NBG oscillations, in particular in the motor cortex (Swann et al., 2016).
Because these aberrant oscillations share great similarity across species, they have
been suggested as physiological biomarkers to guide pharmacological and electrical
neuromodulatory interventions (Petersson et al., 2019).

Indeed, both beta and NBG oscillations have been proposed as promising
control signals for adaptive DBS in PD patients (Little et al., 2013; Swann et al.,
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2018). While L-DOPA-induced NBG oscillations are minimally affected by
voluntary movements (Swann et al., 2016), changes in beta oscillations are observed
during different motor states (Brazhnik et al., 2014; Lofredi et al., 2018). When
using beta oscillations as a biomarker for PD, it is therefore important to account for
movement artefacts that may otherwise affect the detection of beta activity.

In Paper I we therefore address how neuronal oscillations in the cortico-striatal
structures change according to the levels of motor activity in normal or parkinsonian
conditions. LFP recordings were obtained from the motor cortex and the striatum in
both intact and severely DA-denervated rats with bilateral or unilateral lesions. In
both brain regions, the power of broad-band LFP oscillations in the beta (12-30 Hz)
or gamma range (35-110 Hz) showed a significant correlation (negative or positive,
respectively) with an accelerometer-based index of overall motor activity. Similar
correlations were observed in both normal and parkinsonian conditions. These
findings suggest that changes in broad-band oscillatory activities of cortico-basal
ganglia networks are correlated to ongoing motions and do not reflect disease-
specific states.

Importantly, we also identified the characteristic narrowband beta oscillations
(~25-40 Hz), that has previously been described in the DA-denervated cortex, STN,
and SNr in hemiparkinsonian rats (Avila et al., 2010; Brazhnik et al., 2012; Delaville
et al., 2015). These studies found that beta power varies with the behavioural state,
being significantly enhanced during treadmill walking relative to inattentive rest.
Although exaggerated beta oscillations have so far been described to occur in a fixed
frequency range in hemiparkinsonian rats, the sorting of the oscillations according
to motion index in our study revealed a gradual shift from lower to higher
frequencies as the motor activity increased. This new observation might rely on the
use of the accelerometer-based index of motor activity allowing us to include all
types of activities, ranging from subtle head movements to actual locomotion, while
the original studies divided the recordings into specific motor epochs (e.g. rest,
grooming, treadmill walking). Interestingly, the use of accelerometers and other
inertial sensors are currently being investigated for precise assessment of movement
kinematics in PD patients (Habets et al., 2021). It is also important to mention that
exaggerated beta activity as measured by conventional methods is currently being
questioned to be limited in showing causality with motor symptoms of PD
(Brazhnik et al., 2021). As a result, several analytical methods have recently been
proposed to quantify oscillatory synchrony in the beta frequency range using more
nuanced features (Karekal et al., 2022). In this context, our findings highlight the
relevance of developing more sophisticated algorithms to differentiate physiological
from pathological oscillations in different motor states.

The role of D1 and D2 receptors in network dysfunctions in LID

While it is well known that exaggerated beta oscillations are suppressed by
dopaminergic treatments as they improve parkinsonian motor symptoms (Kiihn et
al., 2006), preclinical studies have only recently confirmed that NBG oscillations
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are modulated by pharmacological interventions affecting the dyskinetic state of the
animals (Brys et al., 2018; Tamte et al., 2016). Thus, NBG oscillations are not only
considered a promising feedback signal for closed-loop neuromodulation, but are
also proposed as a reliable and directly translatable biomarker of the action of
candidate antidyskinetic treatments.

Previous preclinical studies have established an association between the
expression of dyskinesia and NBG oscillations across the cortico-basal ganglia
circuitry upon L-DOPA treatment (Beli¢ et al., 2016; Brys et al., 2018; Dupre et al.,
2016; Halje et al., 2012; Tamte et al., 2016). Importantly, LID-related NBG
oscillations have also been observed in the motor cortex and STN of dyskinetic PD
patients (Swann et al., 2016). However, the role of D1 and D2 receptors in the
expression of NBG oscillations has so far only been investigated in specific motor
cortical areas and only upon acute administration of DA receptor agonists in
hemiparkinsonian rats (Dupre et al., 2016; Halje et al., 2012). In Paper II, we
therefore set out to investigate the oscillatory responses to chronic treatment with
selective D1 and D2 receptor agonists in unilaterally 6-OHDA-lesioned rats primed
with L-DOPA. Utilizing a technology that enables large-scale recordings in freely
moving animals (Ivica et al.,, 2014), LFPs oscillations in both NBG and theta
frequency bands were recorded simultaneously from seven critical nodes of the
cortico-basal ganglia circuitry.

We show that D1 receptor stimulation induced strong NBG oscillations across
the cortico-basal ganglia circuitry with the exception of SNr, being most prominent
in the motor cortical areas involved in forelimb movements. Following treatment
with the D2 agonist, NBG oscillations were detected only in the forelimb motor
cortex and DLS, being less pronounced compared to D1-induced NBG activity.
After discovering that cortical NBG oscillations in conjunction with LID can be
suppressed by locally applying a D1 receptor antagonist, Halje and co-authors
previously proposed that supersensitive DA receptors make the cortical circuits
prone to network resonance in the NBG frequency range (Halje et al., 2012).
Contributing to this theory, our findings demonstrate a particularly prominent role
of the D1 receptor in inducing cortical and pallidal NBG oscillations as compared
to the D2 receptor, which is in line with the crucial role of D1 receptor sensitivity
in LID (Fabbrini and Guerra, 2021). In addition, our phase analysis revealed that
NBG oscillations in the primary forelimb motor region were leading cortico-striatal
structures, with a stronger effect upon D1 receptor stimulation. This suggests that
this cortical region might be a key driver of NBG oscillations, at least for the circuits
recorded in this study. In line with the consistent phase differences, D1 receptor
stimulation resulted in a stronger functional connectivity intracortically as well as
in the cortico-striatal and cortico-pallidal systems, indicating that these high-
frequency oscillations are intrinsically generated in the cortical network, from which
they spread to subcortical structures.

Interestingly, another oscillatory phenomenon seemed to be more specific to D2
receptor stimulation, that is, the induction of prominent theta oscillations in the DA-
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denervated GPe and SNr. Several studies have previously reported increased theta
activity in deep basal ganglia nuclei after treatment with L-DOPA in both patients
(Alonso-Frech et al., 2006) and animal models of PD (Brys et al., 2018; Chen et al.,
2021; Wang et al., 2019). In patients, this theta rhythm was found to increase
specifically in the presence of dyskinesia (Alegre et al., 2012; Alonso-Frech et al.,
2006; Giannicola et al., 2013), while a direct association between theta oscillations
and dyskinesia was only recently described in animal models of LID (Wang et al.,
2019). Importantly, our results revealed a profound role of D2 receptor stimulation
in the induction of these LID-related theta rhythms in deep basal ganglia nuclei.
However, it still remains to be established which form of dyskinesia is mimicked by
the D2 agonist in our animal model. In a recent study, D2 receptors were found to
selectively mediate dystonic features of dyskinesia in hemiparkinsonian mice, in the
absence of DI receptor stimulation (Andreoli et al., 2021). In line with these
findings, we found that dyskinesias induced by the D2 agonist were predominated
by dystonic components (axial AIMs) relative to hyperkinetic components (limb
and orolingual AIMs), with a slower turning speed compared to D1 agonist-induced
dyskinesia. Interestingly, enhanced theta activity has been reported in PD patients
experiencing diphasic dyskinesias (Alegre et al., 2012), with a strong dystonic
appearance, as well as in patients experiencing cervical dystonia (Neumann et al.,
2017). In this light, the stronger increase in theta oscillations in GPe and SNr
induced by D2 receptor stimulation in our study may underlie the slower pattern of
dyskinetic behaviours induced by D2 compared to D1 receptor agonists. Keeping in
mind that D2/3 agonists are associated with a higher risk of developing ICBs,
another interesting consideration is that theta activity in the STN of PD patients has
not only been associated with dyskinesia, but also with ICBs (Rodriguez-Oroz et
al., 2011).

Results from Paper II demonstrate that the dyskinetic effects of D1 and D2
receptor agonists are associated with distinct patterns of cortico-basal ganglia
oscillations, suggesting a recruitment of partially distinct networks. Another
important implication of this study is that LFP spectral contents in the globus
pallidus may be used to parse the relative contribution of D1 vs D2 receptors in
mediating different forms of dyskinesia in PD. Thus, the composition of the
dopaminergic therapies prescribed to each individual PD patients might affect these
neurophysiological biomarkers and should be considered in future investigations.

Modelling of dyskinesias induced by L-DOPA and DA agonist cotreatment

Animal models of LID are widely used to test candidate antidyskinetic treatments,
although it has proven difficult to translate promising pharmacological principles
into clinical practice. The question however remains, how these preclinical models
can be improved to obtain better translatability?

One consideration is the role of D2 receptor stimulation in LID. While some
studies have shown that de novo administration of D2 agonists can induce
dyskinesia in animal models of PD (Andreoli et al., 2021; Bagetta et al., 2012),
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others report only mild or no effects (Carta et al., 2008; Lundblad et al., 2002).
However, D2/3 agonists are known to induce dyskinesia in parkinsonian rats
previously primed with L-DOPA (Dupre et al., 2007; Kiessling et al., 2020;
Sebastianutto et al., 2020). The results of Paper III demonstrate that the D2/3 agonist
ropinirole could not induce dyskinesia when administered de novo to
hemiparkinsonian rats, nor could subthreshold doses of L-DOPA monotherapy. In
L-DOPA-primed animals, however, both D1 and D2 receptor agonists elicited
dyskinesia as shown in Paper II and III, supporting a role of D2 receptor stimulation
in established LID. Considering that D2/3 agonists are frequently used in the clinical
management of motor complications in PD, alone or combined with L-DOPA, it is
important to understand whether adjunct treatment with such DA agonists impacts
the patterns of LID-related neuroplasticity and drug responses. Currently,
preclinical models of dyskinesia are based on L-DOPA monotherapy (Cenci and
Crossman, 2018), and do not mimic the combination therapies with DA agonists
that many patients are prescribed. Prompted by these considerations, Paper III
therefore presents a new animal model of dyskinesia induced by combined treatment
with a low dose of L-DOPA and the D2/3 agonist ropinirole in unilaterally lesioned
rats.

This combined L-DOPA-ropinirole therapy induced dyskinesias that were
phenotypically similar to the classical LID model with regard to severity and
subtype composition. Despite similar dyskinetic behaviours, the combined
treatment resulted in lower AFosB expression levels and an increased
striosomal/matrix AFosB expression ratio in the striatum compared to L-DOPA
alone. The latter is in line with previous studies showing that D2 agonists alter the
compartmental distribution of D1 agonist-induced Fos expression with a
concomitant striosomal augmentation and matrix suppression of Fos induction
(Wirtshafter and Asin, 2001; Wirtshafter et al., 1997). In addition, the combined
treatment group did not exhibit any upregulation of angiogenesis markers and BBB
hyperpermeability previously shown to depend on D1 receptor stimulation
(Lindgren et al., 2009; Westin et al., 2007). Collectively, these findings indicate that
dyskinesias induced by the combined treatment regimen are less reliant on DI
receptors while engaging D2 receptors to a larger degree than the classical LID
model, which was also confirmed by pharmacologically antagonising either D1 or
D2 receptors in each dyskinesia model.

When examining the antidyskinetic efficacy of different pharmacological
principles, we found that compounds modulating D1 receptor signalling had a
stronger effect in animals treated with L-DOPA alone, whereas both amantadine
and the highly selective NMDA receptor antagonist MK801 produced a markedly
larger antidyskinetic effect in L-DOPA-ropinirole cotreated animals. This highlights
the importance of considering the regimen of DA replacement therapy in future
clinical and preclinical evaluations of potential antidyskinetic treatments. In
preclinical studies, using pharmacologically distinct animal models of LID may
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moreover improve the chances of identifying robust antidyskinetic candidates for
clinical translation.

Characterisation of ICBs induced by different dopaminergic treatments

Although DA agonists monotherapy might reduce or delay dyskinetic behaviours in
PD patients, they increase the risk of developing ICBs (Corvol et al., 2018; Erga et
al., 2017; Weintraub et al., 2010). However, the association between ICBs and
pharmacotherapies combining L-DOPA and DA agonists remains a matter of
debate. While some clinical studies have observed a higher incidence of ICBs
following co-treatment with L-DOPA and DA agonists in PD patients (Sharma et
al., 2015; Weintraub et al., 2010), other studies have reported similar (Bastiaens et
al., 2013; Corvol et al., 2018) or even lower (Erga et al., 2017) incidences of ICBs
as compared to DA agonist monotherapy. To the best of our knowledge, the impact
of combining DA agonists with L-DOPA has never been investigated preclinically.
Thus, in Paper IV, our first goal was to investigate the effects of the D2/3 agonist
ropinirole, administered alone or combined with L-DOPA, on different measures of
ICBs in both intact and DA-depleted animals.

The results of Paper IV demonstrate that treatment with ropinirole induces both
compulsive behaviours in a test of compulsive checking and an impairment in
developing an advantageous decision-making strategy in the rIGT, regardless of L-
DOPA coadministration. In the latter test paradigm, the reduced capacity to adopt
an advantageous decision-making strategy may reflect an impaired ability to learn
from negative feedback (a reduced sensitivity to punishment), resulting in higher
risk taking. In contrast, this study does not demonstrate a role of L-DOPA treatment
in the induction of ICBs, neither when given alone nor as cotreatment to ropinirole.
These findings are in line with previous studies showing that D2/3 agonist
monotherapy can induce compulsive behaviours in rodent models of gambling
(Cocker et al., 2017; Winstanley et al., 2011), hoarding (Decourt et al., 2022), as
well as another test of compulsive checking (Eagle et al., 2014). Moreover, D2/3
agonists have been found to potentiate the choice of uncertain outcomes in the
rodent betting task (Tremblay et al., 2017) and in tasks of probability discounting
(Floris et al., 2022; Holtz et al., 2016; Pes et al., 2017; Rokosik and Napier, 2012).
When taken together, our results demonstrate that therapy-dependent ICBs can be
attributed to the direct stimulation of D2/3 receptors by ropinirole, and that L-DOPA
cotreatment is unlikely to increase the liability for this type of neuropsychiatric
complications.

Since DA agonists have been linked to the emergence of ICBs in several
conditions not associated with a loss of endogenous DA function (Cornelius et al.,
2010; Holman, 2009), we also set out to investigate the impact of striatal DA
depletion on compulsive-like effects induced by ropinirole, alone or combined with
L-DOPA. We used an animal model with mild bilateral striatal DA denervation,
because animals with large dopaminergic lesions would develop dyskinesia when
treated with L-DOPA, resulting in technical and interpretational difficulties in the
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assessment of neuropsychiatric functions. Importantly, the effects on compulsive
behaviour induced by ropinirole were replicated in this 6-OHDA rat model
mimicking early-stage PD. This indicates that ICBs arise directly as a result of
treatment with DA agonists, regardless of the pathophysiological changes
associated with PD. These findings are in agreement with previous investigations
utilising 6-OHDA lesions, which have found no alterations in the response of
lesioned animals to DA agonists in tests of compulsive-like gambling behaviour
(Cocker et al., 2019) and preference for uncertainty (Rokosik and Napier, 2012;
Tremblay et al., 2017). However, it is important to mention that studies using rats
with nigrostriatal lesions induced by viral-mediated human-mutated alpha-
synuclein or 6-OHDA injections in SNc and VTA have found increased compulsive
behaviour in an operant post-training signal attenuation task upon treatment with
the D2/3 agonist pramipexole (Dardou et al., 2017; Decourt et al., 2022). These
discrepancies might be explained by differences in the extent of the dopaminergic
lesions, that may underlie different compensatory mechanisms in the striatum, as
well as differences in the pharmacological regimens. Indeed, the DA-depletion
induced by our intrastriatal 6-OHDA lesion procedure was somewhat less robust
than reported by previous studies using this model (Baunez et al., 2007; Rokosik
and Napier, 2012). Moreover, we use a relatively high dose of ropinirole in this
animal model, mimicking a human dose higher than the standard therapeutic daily
dose, while the dose of L-DOPA corresponds to a low daily maintenance dose as
given in combination with DA agonists. Therefore, it is possible that the use of a
high bolus injection of ropinirole might obscure any potentiating effects of the mild
DA-depletions. This calls for additional investigations of the relationship between
the severity of dopaminergic lesions and incremental doses of DA agonists.

Notwithstanding these limitations, our results demonstrate that partial DA-
depletion does not confer a greater risk of developing ICB-like traits, indicating that
D2/3 receptor stimulation is sufficient to induce these behaviours if sufficiently
potent. These results encourage further investigations of the expression and cellular
distribution of molecular biomarkers of neuronal activity to elucidate the underlying
mechanisms of treatment-induced ICBs in PD.

Concluding remarks

The development of novel therapeutic approaches for the motor complications of
PD is dependent on our understanding of the pathophysiological phenomena at both
cellular and systems levels. Elucidating such phenomena requires studying valid
animal models that mimic central aspects of the disease of interest. Indeed, well-
characterised animal models of LID have shaped current pathophysiological notions
and guided clinical investigations of multiple therapeutic targets. However, these
models are not considering the relative balance between D1 and D2 receptor
stimulation induced by different regimens of dopaminergic replacement therapies.
Moreover, when investigating motor and non-motor complications with regard to
drug development, there is a great potential in complementing data from
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neurochemical, histological, and behavioural approaches with electrophysiological
biomarkers for a more precise targeting of circuit dysfunctions in PD.

This thesis work presents a vast set of findings obtained from different rodent
models of parkinsonism, treated with different dopaminergic regimens, and
investigated with complementary techniques. Importantly, we show that treatment
with L-DOPA vs. DA receptor-specific medications induce quite different profiles
of behavioural alterations and pathophysiological changes at the network- and
cellular level. Our results shed new light on the pathophysiological implications of
dopaminergic pharmacotherapy for PD and reveal the importance of including
realistic models of combined therapies in future translational research on LID.

It is our hope that the fundamental contributions of this thesis will encourage
future efforts towards development of personalised treatments for PD. Specifically,
we imagine a future scenario where the choice of antidyskinetic pharmacotherapy
or electrical neuromodulation will be personalised based on the regimen of
dopaminergic replacement therapy in the affected patient. This thesis work
moreover encourages further investigations on the relationship between specific
dyskinetic and dystonic manifestations induced by the relative engagement of D1
and D2 receptors in different phases of the L-DOPA dosing cycle, their oscillatory
fingerprints, and the underlying circuit dysfunctions in PD. Moreover, the
demonstration that DI and D2 receptor stimulation induces distinct network
dysfunctions may raise an interest in identifying a neurophysiological readout of the
non-motor complications induced by D2/3 agonist in PD, which would offer a
unique opportunity to evaluate new neuropsychiatric drug candidates in animals.
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