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The development of animal models of Parkinson’s disease (PD) and assessing their
electrophysiological differences has played a critical role in our understanding of basal
ganglia function and the underlying mechanisms of PD. The wide range of animal models
available and the quest to explore new ways to recover motor function have greatly
enhanced our understanding of the remarkable reorganization that occurs in the brain
following dopamine neurodegeneration. However, it remains unclear how and when
pathophysiological features develop during the progression of the disease; information
that could be critical to advancing the development of disease-modifying therapies. Here,
we developed a novel paradigm for modeling progressive dopamine loss and used this
paradigm, in addition to other well-studied animal models of PD, to investigate how and
when basal ganglia activity changes in PD.

First, we developed a gradual dopamine depletion mouse model by injecting
multiple low doses of the neurotoxin 6-OHDA over months to better recapitulate the slow
progression of dopamine loss seen in PD. Behavioral assessment of these animals
throughout the progression of dopamine loss revealed a differential degradation of motor
symptoms, with vertical movement declining linearly while horizontal movement

remained robust until late stages. Interestingly, we found that motor coordination was



significantly less impaired in animals that had undergone gradual depletions as opposed
to acute depletions. These results establish a gradual depletion paradigm that can be used
to study changes at various stages of dopamine loss, while modeling the progressive
degeneration in PD so as not to preclude any compensatory plasticity that may be missing
in more acute depletion models.

Next, we demonstrated a stereotyped, hierarchical progression of pathophysiology
in the output nucleus of the basal ganglia using a number of animal models of PD.
Briefly, firing rate changes occurred first at early stages of dopamine loss, followed by
changes in firing pattern at more intermediate stages. The progression of pathophysiology
was similar between two mechanistically different models of PD and end stage
pathophysiology was similar regardless of the rate or lateralization of depletion. These
results provided the first quantitative analysis of the trajectory with which the basal
ganglia output physiology breaks down over the course of progressive dopamine
depletion.

In the final chapter, we discuss the evolving field of animal models of PD and
potential physiological correlates of motor function based on current treatments effects
on physiology and other studies of pathophysiology leading up to motor symptom onset.
Taken together, these results demonstrate the complex interplay between the onset and
progression of various motor deficits and pathological basal ganglia activity that develop

due to the progressive degeneration of dopamine.
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1.0 INTRODUCTION

Laboratory animal models have played a crucial role in enhancing our ability to diagnose,
manage, and treat diseases in humans. However, our progress in treating complex
neurodegenerative diseases such as Parkinson’s disease (PD) has been stalled due to our
incomplete understanding of the etiology of the disease in humans (Olanow and Tatton, 1999).
Over the last few decades, longitudinal studies in human patients with PD have aided in
unveiling new information about the progression of disease pathology and new technologies
have enabled physiological measurements to be obtained during treatment (Huang et al., 2007,
Singh et al., 2016). This wealth of new information has revealed a wide array of changes in brain
activity that occur following PD neurodegeneration and has subsequently led to a push for the
development of new animal models that allow us to study how these activity patterns develop
over the course of the disease. These models will be featured throughout the dissertation while
shifting the attention from the development of animal models (see Reviews (Blesa et al., 2012;
Chesselet and Richter, 2011; Dawson et al., 2010)) to utilizing these models to enhance our
understanding of the patterns of activity that may be causal to the development of motor
symptoms.

Here, we will first review animal models of PD and discuss how they have contributed to
the advancements that have been made in understanding and treating PD. In doing so, we will
highlight how these animal models have contributed to our current understanding of the basal
ganglia and the role it plays in the manifestation of motor symptoms. Over the last 40 years, the
development of better animal models coupled with new technologies has brought us closer to

understanding the link between pathological brain activity and motor dysfunction.



1.1  ANIMAL MODELS OF PARKINSON’S DISEASE

In 1817, James Parkinson first described the key clinical features of what is now the second most
common neurodegenerative disease afflicting approximately 1% of the population over 60 years
of age (de Lau et al., 2006; Parkinson, 2002). There are two distinct pathologies that are typically
described as hallmarks of Parkinson’s disease (PD) (Olanow and Tatton, 1999). One diagnostic
marker involves the presence of misfolded a-synuclein proteins in the form of Lewy bodies.
However, this pathology is not specific to PD; Lewy bodies are found in healthy elderly patients
and patients with the pathology of Alzheimer’s disease can also have Lewy bodies (Dickson et
al., 2009; Gibb and Lees, 1988; Zaccai et al., 2008). Additionally, Lewy body pathology is
highly variable in location and quantity. The other far more consistent pathological hallmark of
PD is the degeneration of dopamine neurons in a region of the midbrain known as the substantia
nigra pars compacta (SNc). This results in decreased dopamine signaling in the striatum, a major
input nucleus of the basal ganglia, involved in the control of voluntary movement. Many motor
symptoms of PD, including tremors, rigidity, bradykinesia, freezing, and balance instability
(Betarbet et al., 2002; Dauer and Przedborski, 2003; Olanow and Tatton, 1999) are thought to
arise due to initial dysfunction of neural circuits in the striatum propagating to other parts of the
basal ganglia and outside brain areas. Motor symptoms typically do not become overt enough to
diagnose PD until 80% of dopamine has been depleted from the striatum, but by this point,
patients have likely been living with chronically low levels of dopamine for years and
dysfunction in neural circuits may have already passed a point of no return.

At present, primary treatments such as L-DOPA and deep brain stimulation (DBS) are

administered after the onset of motor symptoms and can have severe side effects or involve



invasive surgeries (Fasano et al., 2012; Poewe et al., 2010; Sgambato-Faure and Cenci, 2012).
These limits to current therapies might be circumvented if treatments were applied earlier in the
disease, before widespread dysfunction could spread throughout the basal ganglia and alter
function in motor areas throughout the brain. PD is a complex neurological disorder that likely
results from a combination of multiple genetic and environmental factors, making it difficult to
elucidate a distinct mechanism for pathology. Symptoms of the disease involve both motor and
non-motor features such as impaired cognition, depression, and constipation. Currently, no single
animal model reproduces all features of the disease, but a number of animal models are available
that reproduce a subset of symptoms and pathologies (Betarbet et al., 2002; Bové et al., 2005;
Meredith et al., 2008a; Simola et al., 2007). Most of the available models fall under three main
categories based on the method employed to replicate features of the human disease: 1)
pharmacological models, 2) neurotoxin models, and 3) genetic and a-synuclein models. While
these models have greatly enhanced our understanding of how circuits are altered following a
full dopamine lesion and what may be contributing to dopamine degeneration, we are still
lacking key information about the how aberrant activity patterns develop over the course of

progressive dopamine loss and how they ultimately contribute to the onset of motor dysfunction.

1.1.1 Pharmacological models

One of the earliest advancements in treating PD can be attributed to the first animal model in
1957. Arvid Carlsson began studying a compound called reserpine, which when administered to
mice and rabbits resulted in reduced motor activity. Upon further investigation of the mechanism

behind reserpine’s sedative effect, he showed that reserpine depleted brain dopamine and



injecting L-DOPA alleviated the parkinsonian state (Carlsson et al., 1957; Obeso et al., 2017).
This provided the first evidence of the role of striatal dopamine in motor control and led to
clinical trials that ultimately resulted in one of the most effective symptomatic treatments for PD
(Fahn, 2015; Lees et al., 2015; Nagatsua and Sawadab, 2009). We now understand that reserpine
mimics the disease biochemistry of PD by causing a transient (24 hour) decrease in monoamines
(noradrenaline, 5-HT, and dopamine) by inhibiting the vesicular monoamine transporter
(VMAT?2) (Duty and Jenner, 2011).

The other pharmacological model of PD involves an injection of haloperidol which
antagonizes dopamine receptors to block striatal dopamine transmission. Animals treated with
haloperidol present with muscle rigidity and an inability to initiate movements (akinesia) within
60 minutes (Duty and Jenner, 2011; Francardo, 2018). Both the reserpine and haloperidol model
fail to replicate the characteristic neurodegeneration associated with PD and their transient
manifestation limits the ability to test long-term symptom relief of potential treatments.
However, these models remain a popular choice for assessing the potential symptomatic efficacy

of novel dopaminergic and non-dopaminergic drugs during the early screening process.

1.1.2 Neurotoxin models

A decade after the discovery of the reserpine model, Urban Ungerstedt reported that stereotaxic
injection of the toxin 6-hydroxydopamine (6-OHDA) into the substantia nigra could be used to
produce unilateral dopamine loss (Obeso et al., 2017; Ungerstedt, 1968).

Traditional rodent models involve a single unilateral infusion of a high dose of 6-OHDA

intracranially into various areas of the nigrostriatal pathway to induce a high degree of striatal



dopamine loss (Betarbet et al., 2002; Bove et al., 2005; lancu et al., 2005; Schober, 2004;
Schwarting and Huston, 1996a, 1996b; Simola et al., 2007). 6-OHDA selectively targets the
dopamine transport system and induces non-apoptotic death of dopaminergic neurons (Jeon et
al., 1995; Schober, 2004). High doses are used to produce 80-90% striatal dopamine loss in 2-3
days. Reducing dopamine levels unilaterally results in a robust quantifiable circling behavior in
rodents that has been the gold standard in evaluating the effectiveness of potential therapies and
neuroprotective strategies (Bové et al., 2005). The 6-OHDA model is commonly chosen due to
the availability of well-established injection techniques and relatively low maintenance cost
(Betarbet et al., 2002). Furthermore, recent studies have shown that bilaterally administering 6-
OHDA results in key non-motor symptoms of PD, including anxiety, depression, olfactory
deficits, and cognitive deficits (Bonito-Oliva et al., 2014; Campos et al., 2013). While this model
presents sustained dopamine degeneration as well as other pathological features of PD, it
produces acute damage rather than progressive neurodegeneration and it does not present Lewy
body pathology (Francardo, 2018).

The other commonly used neurotoxin model of PD resulted from the discovery by J.
William Langston and colleagues in 1983 that 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) caused irreversible parkinsonian symptoms (Langston et al., 1983). Since then, MPTP
has been used to model PD in the laboratory by administering it systemically via subcutaneous or
intravenous injections to non-human primates or mice (Przedborski et al., 2001). High doses of
MPTP given over a short period of time result in bilateral dopamine neurodegeneration and
pronounced motor deficits such as akinesia, bradykinesia, postural and gait abnormalities.
Protocols have been developed to attempt to reproduce the progressive degeneration seen in PD

by administering lower doses for longer periods (see Review: (Meredith and Rademacher,



2011)). Studies in MPTP-treated non-human primates in the early 1990s led to the development
of the latest symptomatic breakthrough in the management of PD that is the surgical ablation and
deep brain stimulation of the subthalamic nucleus and globus pallidus interna (Aziz et al., 1992;
Benabid et al., 1994; Guridi et al., 1994; Obeso et al., 2017; Wichmann et al., 1994). The use of
the MPTP model in rodents has been less successful, largely due to the large variability in
behavioral and biochemical changes depending on mouse strain, age, gender, and body weight,
and the fact that rats are resistant to the neurodegenerative effects of the toxin (Date et al., 1990;
Francardo, 2018; Jackson-Lewis and Przedborski, 2007; Johannessen et al., 1985; Miller et al.,
1998; Mitsumoto et al., 1998; Schwarting et al., 1999; Sedelis et al., 2000). Both the 6-OHDA
and MPTP models fail to present Lewy body pathology and most protocols result in acute
neurodegeneration, however these models remain a popular choice for studying physiological
and biochemical changes that result from sustained dopamine depletion. These models have also
been useful in studying antiparkinsonian drugs as well as treatment-related complications such as

L-DOPA-induced dyskinesia (Cenci and Lindgren, 2007; Iderberg et al., 2012).

1.1.3 Genetic and a-synuclein models

The discovery of the first gene mutation associated with PD in 1997 led to a surge in the
development of new animal models through the manipulation of the animal genome
(Polymeropoulos et al., 1997). While only about 5% of PD cases are caused by genetic defects
(Dauer and Przedborski, 2003), some argue that since both inherited and idiopathic forms of PD
share common pathology, findings in genetic models could be relevant to all types of PD

(Beilina and Cookson, 2015; Kumaran and Cookson, 2015; Mullin and Schapira, 2015).



Mutations affecting the a-synuclein gene (SNCA) are the most commonly studied. Models with
these mutations display widespread a-synuclein containing Lewy-body pathology, similar to that
seen in human patients with PD (Spillantini et al., 1997). Unfortunately, while these models have
the pathological feature missing from pharmacological and neurotoxin models, they typically
show quite subtle deficits, if any, due to a lack of significant degeneration of dopamine neurons
(see Reviews (Betarbet et al., 2002; Chesselet et al., 2008; Dawson et al., 2010; Kreiner, 2015;
Meredith et al., 2008a; Potashkin et al., 2010; Terzioglu and Galter, 2008)). These models may
not be effective for testing neuroprotective strategies or efficacy of treatments aimed at
alleviating motor symptoms, however we can still use these models to learn more about the
mechanisms underlying non-motor symptoms and protein pathology (Dehay and Fernagut, 2016;
Francardo, 2018).

Studies involving these a-synuclein gene mutations have undoubtedly opened up new
research avenues and represent a paradigm shift in the way we think about the pathogenesis of
PD (Obeso et al., 2017). Findings from these models led to the hypothesis that misfolded o-
synuclein assemblies such as oligomers or fibrils are the toxic forms of the protein that can lead
to neurodegeneration. This further inspired the development of new methods for generating -
synuclein animal models involving viral vector delivery to overexpress a-synuclein (Decressac
et al., 2012a, 2012b; Lundblad et al., 2012) and injections of recombinant o.-synuclein pre-
formed fibrils (Luk et al., 2012). Both of these models result in varying degrees of dopamine
neuron degeneration as well as some detectable motor deficits (Lindgren et al., 2012; Volpicelli-
Daley et al., 2016). These models provide further evidence that misfolded a-synuclein may act
as a pathological seed that promotes the misfolding of other a-synuclein molecules, thereby

propagating and enhancing the degenerative process of PD (Desplats et al., 2009; Giraldez-Pérez



et al., 2014; Kordower et al., 2008; Obeso et al., 2017; Valadas et al., 2015; Volpicelli-Daley et
al., 2011). While these models offer new ways to study mechanisms of neurodegeneration,
protein pathology, and early stages of dopamine loss, they may not be well-suited to studying
end-stage PD pathology.

Together, this diverse array of animal models, in combination with the increasing
availability of novel technologies in the field of neuroscience, allows for the investigation of the
wide range of pathologies involved in PD and will provide invaluable insight into the underlying
mechanisms of the disease. In doing so, we are continuing to unveil how dopamine regulates a
vast number of complex processes. Further investigation into how aberrant activity patterns in
key brain areas such as the basal ganglia develop in relation to dopamine loss and the onset of
motor symptoms may enable us to develop disease-modifying strategies as well as more

effective treatments for PD symptoms.

1.2 PARKINSONIAN PATHOPHYSIOLOGY IN THE BASAL GANGLIA

The main motivation behind developing better animal models of PD is to identify the underlying
mechanisms responsible for the debilitating symptoms. Advancements made in understanding
the pathophysiology of PD, specifically within the basal ganglia circuit, have inspired the
development of more effective treatment strategies. The basal ganglia are a group of subcortical
nuclei that are an integral part of three main parallel processing loops: 1) motor, 2) associative-
cognitive, and 3) emotional-limbic (Alexander et al., 1986, 1990; Kelly and Strick, 2004;
Middleton and Strick, 2000). The motor loop has been the most highly studied because it is

implicated in the motor symptoms of PD as well as a host of other movement disorders (DeLong,



1990). In the 1980s and early 1990s, findings from human patients combined with neuroanatomy
and neurophysiology studies in animals culminated in the generation of a firing rate model of
basal ganglia function in both health and disease (Albin et al., 1989; DeLong, 1983, 1990;
Penney and Young, 1983). While this model has several limitations, it has provided both
clinicians and basic scientists with an important framework with which to generate testable
hypotheses regarding basal ganglia nuclei function in PD. Studies in which basal ganglia activity
is monitored in vivo in an intact network have been the most promising in terms of identifying
complex physiological changes such as synchrony between neurons within and across nuclei and
oscillatory activity within and across nuclei. Each of the following sections will highlight key
findings from each nuclei of the basal ganglia and how they have informed the development of

novel treatment strategies.

1.2.1 Striatum

The striatum is the nucleus most directly affected by the loss of dopaminergic neurons in the SNc
during PD and it is critically involved in the production and control of volitional movement. The
striatum acts as the major input nucleus of the basal ganglia, integrating information primarily
from the cortex and thalamus (Bolam et al., 2000). Neurons within the striatum project
differentially to downstream nuclei through two distinct pathways, the “direct” and “indirect”.
The direct pathway is comprised of inhibitory projections to the output nuclei of the basal
ganglia, the globus pallidus interna (GPi) and the substantia nigra pars reticulata (SNr). The
indirect pathway is a multi-nuclei route through the globus pallidus externa (GPe), followed by

the subthalamic nucleus (STN), that then terminates in the same output nuclei. Under healthy



conditions, dopamine regulates the activity in both of these pathways by altering excitability
based on their differential expression of dopamine receptors (Gerfen and Surmeier, 2011). In the
rate model of basal ganglia circuitry, the direct pathway aids in facilitating and initiating
movements, while the indirect pathway is responsible for the inhibition or suppression of
unwanted movements (Albin et al., 1989; Alexander and Crutcher, 1990; DelLong, 1990). It is
theorized that a delicate balance between these two pathways allows for the appropriate selection
of movements (Albin et al., 1989; DelLong, 1990; Galvan and Wichmann, 2007; Graybiel et al.,
1994).

Based on the rate model, dopamine loss in PD would result in decreased activity of
striatal neurons involved in the direct pathway, and increased activity of neurons in the indirect
pathway. Since these neurons are heterogeneously interspersed throughout the striatum and
dopamine alters transmission from the cortex to the striatum rather than spontaneous activity, it
has been difficult to identify firing rate changes in vivo (Galvan and Wichmann, 2008). One
study in anesthetized 6-OHDA-treated rats did show that direct pathway neurons were less active
and indirect pathway neurons were more active compared to control animals (Mallet et al.,
2006). A more recent study in humans reported an overall increase in firing rate in striatal
neurons when compared to patients with essential tremor and isolated dystonia (Singh et al.,
2016). Additionally, this study used a probability-based algorithm to detect “burst” firing activity
which was also elevated in PD patients compared to other groups.

In terms of treatment, L-DOPA dopamine replacement therapy remains the most effective
way to minimize motor deficits stemming from decreased dopamine signaling in the striatum.
However, prolonged usage of L-DOPA leads to L-DOPA induced dyskinesias, characterized by

unwanted involuntary movements, in the vast majority of PD patients (Obeso et al., 2000). These
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side effects may be in part due to the non-specific nature of this type of therapy resulting in
maladaptive plasticity of basal ganglia circuits. Designing future treatments with more specific
targets could rescue motor deficits while avoiding negative side effects. Using the rate model in
combination with documented physiological changes in striatal activity, one might predict that
upregulating activity of the motor-facilitating direct pathway could help correct the pathway
imbalance and ultimately rescue motor deficits. Using an animal model of PD, Kravitz and
colleagues showed that optogenetic activation of the direct pathway was sufficient to restore
motor function (Kravitz et al., 2010). These findings serve as an example of how understanding
the pathophysiology underlying PD can unveil unique therapeutic targets for more effective

treatments.

1.2.2 Globus pallidus externa (GPe) & subthalamic nucleus (STN)

The globus pallidus externa (GPe) and the subthalamic nucleus (STN) are intermediary basal
ganglia nuclei that are part of the indirect pathway. GPe receives inhibitory projections from the
striatum and sends inhibitory projections mainly to STN. The STN receives input from the cortex
as well as the GPe and sends excitatory projections both back to the GPe and onward to the basal
ganglia output nuclei. The rate model predicts that in PD, over-activity of the indirect pathway
results in decreased activity of the GPe, and increased activity of the STN.

Multiple studies in animal models of PD and human PD patients have reported decreased
firing rates in the GPe, in addition to increased irregularity in firing pattern and increased burst
firing (Boraud et al., 1998; Filion and Tremblay, 1991; Hutchison et al., 1994; Mastro et al.,

2017; Pan and Walters, 1988; Wichmann and DeLong, 2003; Wichmann and Soares, 2006).

11



Another prominent pathophysiological feature seen in GPe in animal models of PD is an increase
in synchronous firing and the presence of synchronized beta (B) oscillations (13-30 Hz) (Mallet
et al., 2008; Raz et al., 2000). In a recent study, Mastro and colleagues showed that global
optogenetic activation of the GPe in an animal model of PD was unable to rescue motor function.
Interestingly, transiently dissociating the activity of two subpopulations of GPe neurons, PV and
Lhx6 was sufficient to induce recovery of movement. In fact, the length of time for which
movement was recovered post-activation was significantly longer than when recovery was
achieved through optogenetic activation of the direct pathway (Mastro et al., 2017).

In PD, STN firing rates are elevated, there is an increase in the irregularity of firing
pattern as well as the presence of bursts, and there is also increased synchronous firing and 3-
oscillations (Bergman et al., 1994; Bevan et al., 2002; Kihn et al., 2005; Neumann et al., 2016;
Wichmann and Soares, 2006). Currently, the STN is one of the most popular targets for DBS,
which involves the surgical implantation of electrodes into the brain to supply high frequency
electrical stimulation to the surrounding tissue and ameliorate motor symptoms. However,
similar to L-DOPA, DBS does not prevent the progression of PD and can result in the

appearance of other cognitive, mood, and motor complications.

1.2.3 Globus pallidus interna (GPi) & substantia nigra pars reticulata (SNr)

The globus pallidus interna (GPi) and substantia nigra pars reticulata (SNr) are the output nuclei

of the basal ganglia. They receive input from the striatum, GPe and STN and send inhibitory

projections to motor areas of the thalamus. The overall consequence of all of the previously

described predictions of the rate model is increased activity in GPi/SNr which leads to excessive
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inhibition of downstream motor systems in the thalamus, cortex, and brainstem resulting in
parkinsonian motor deficits.

Studies in human patients and animal models have reported predicted increases in firing
rate, irregularity, bursting, synchrony, and -oscillations in GPi/SNr (Filion and Tremblay, 1991;
Galvan and Wichmann, 2008; Heimer et al., 2002; Hutchison et al., 1994; Wichmann et al.,
2002). There are a number of studies, however, that report no changes or changes contradictory
to the rate model (Leblois et al., 2007; Muralidharan et al., 2016; Raz et al., 2000; Soares et al.,
2004; Wichmann and Soares, 2006) and even find differences in pathology between the GPi and
SNr (Wichmann et al., 1999). Furthermore, findings in the output nuclei of rodent models of PD
are even more heterogeneous and seem to vary based on the type of model, length of time
between dopamine loss and recording, and even the anesthesia used during recordings (Lobb and
Jaeger, 2015a; Lobb et al., 2013; Seeger-Armbruster and Von Ameln-Mayerhofer, 2013). While
it remains unclear what physiological changes in the output nuclei contribute to motor
dysfunction, treatments targeting the GPi have been successful in relieving symptoms in PD
patients. Surgical ablation of the GPi was the predominate treatment for PD in the 1950s and 60s
prior to the introduction of L-DOPA. A resurgence of this procedure occurred in the 1990s
thanks to new surgical technologies and the severe side-effects associated with chronic L-DOPA
treatments (Laitinen et al., 1992). Today, GPi remains a popular target for DBS and there is still
an ongoing debate regarding the relative therapeutic benefits of GPi- vs. STN-DBS (Odekerken
etal., 2016; Tan et al., 2016; Wang et al., 2016).

Overall, these results highlight how unveiling pathophysiology in PD has led to the
development of promising new therapeutic strategies. However, all of these findings in addition

to all of the proposed therapies, focus on patients who are symptomatic and therefore in the
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advanced stages of the disease. Redirecting our efforts to focus on the progression of
pathophysiology and the transition from asymptomatic to symptomatic PD may help us design
strategies for slowing or stopping progression of the disease as opposed to simply minimizing

debilitating symptoms.

1.3 SUMMARY AND AIMS OF DISSERTATION

In summary, the development of new animal models has enabled us to start to piece together
how network activity within the brain is altered in PD and provides new targets for therapeutic
intervention. Much of what we know about how the basal ganglia function is due in large part to
our investigation of its dysfunction in disease states. This dissertation represents the steps taken
to understand when pathophysiology emerges within the basal ganglia in an intact network
during the progression of dopamine loss in PD and how this relates to the onset of motor
symptoms. In the following chapters, we will highlight the development of a novel dopamine
depletion paradigm that allows us to recapitulate the progressive degeneration of dopaminergic
neurons as well as the transition from asymptomatic to symptomatic PD. This study establishes
that this new paradigm allows us to probe multiple stages of dopamine loss while still mirroring
the severity of late stage motor deficits seen in other animal models. Additionally, it shows how
certain aspects of motor performance may be differentially affected depending on the rate of
dopamine loss. Secondly, we will demonstrate how we can use this new paradigm, in addition to
other animal models, to determine how stereotyped pathophysiology is within the basal ganglia

in an intact network and what features may be contributing to the onset of motor deficits. Lastly,
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we will explore the two major themes within this document; animal models and the link between

pathophysiology in the basal ganglia and the symptomatic onset of PD.
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20 DIFFERENTIAL DEGRADATION OF MOTOR DEFICITS DURING
GRADUAL DOPAMINE DEPLETION WITH 6-HYDROXYDOPAMINE IN

MICE

Parkinson’s disease (PD) is a movement disorder whose cardinal motor symptoms arise due to
the progressive loss of dopamine. Although this dopamine loss typically progresses slowly over
time, currently there are very few animal models that enable incremental dopamine depletion
over time within the same animal. This type of gradual dopamine depletion model would be
useful in studies aimed at the prodromal phase of PD, when dopamine levels are pathologically
low but motor symptoms have not yet presented. Utilizing the highly characterized neurotoxin
6-hydroxydopamine (6-OHDA), we have developed a paradigm to gradually deplete dopamine
levels in the striatum over a user-defined time course — spanning weeks to months — in C57BL/6
mice. Dopamine depletions were achieved by administration of five low dose injections (0.75
ug) of 6-OHDA through an implanted intracranial bilateral cannula targeting the medial
forebrain bundle. Levels of dopamine within the striatum declined linearly with successive
injections, quantified using tyrosine hydroxylase immunostaining and high-performance liquid
chromatography. Behavioral testing was carried out at each time point to study the onset and
progression of motor impairments as a function of dopamine loss over time. We found that
spontaneous locomotion, measured in an open field, was robust to loss of dopamine until ~70%
of striatal dopamine was lost. Beyond this point, additional dopamine loss caused a sharp
decline in motor performance, reaching a final level comparable to that of acutely depleted mice.
Similarly, although rearing behavior was more sensitive to dopamine loss and declined linearly

as a function of dopamine levels, it eventually declined to levels similar to that seen in acutely
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depleted mice. In contrast, motor coordination, measured on a vertical pole task, was only
moderately impaired in gradually depleted mice, despite severe impairments observed in acutely
depleted mice. These results demonstrate the importance of the temporal profile of dopamine
loss on the magnitude and progression of behavioral impairments. Our gradual depletion model
thus establishes a new paradigm with which to study how circuits respond and adapt to dopamine
loss over time, information which could uncover important cellular events during the prodromal

phase of PD that ultimately impact the presentation or treatability of behavioral symptoms.

2.1 INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disease characterized by a progressive loss of
dopamine neurons in the substantia nigra pars compacta (SNc) (Damier et al., 1999; Fearnley
and Lees, 1991; Morrish et al., 1996). This results in decreased dopamine signaling in the
striatum, a major input nucleus of the basal ganglia involved in the control of voluntary
movement (Dauer and Przedborski, 2003; Marsden and Obeso, 1994; Mink, 1996; Olanow and
Tatton, 1999). Motor symptoms such as tremors, rigidity, bradykinesia, freezing, and balance
instability typically do not become overt enough to diagnose PD until dopaminergic loss exceeds
70% in the striatum (Bernheimer et al., 1973; Betarbet et al., 2002; Deumens et al., 2002; Fahn,
2003; Riederer and Wuketich, 1976). Unfortunately by this time, patients have likely been living
with chronically low levels of dopamine for years and dysfunction in neural circuits may have
already passed a point of no return. Attempts at treating motor symptoms through dopamine
replacement have been shown to successfully restore motor function, however prolonged

treatment ultimately results in additional motor complications(Poewe et al., 2010; Sgambato-
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Faure and Cenci, 2012). Interruptions of pathological brain activity through deep brain
stimulation have been effective at reducing bradykinesia, rigidity, and tremor but typically have
little effect on gait and postural symptoms and can also result in other side effects (Fasano et al.,
2012; Sgambato-Faure and Cenci, 2012). It has been proposed that the pre-symptomatic phase
of PD, called the prodromal phase, is an ideal time to begin therapies (Olanow and Obeso, 2012;
Schapira and Tolosa, 2010). Treatments administered prior to complete dopamine loss may
prevent further neurodegeneration or delay the onset of motor deficits. In addition, further
understanding of how and when motor systems begin to break down during this phase may lead
to techniques for early detection and more effective therapies aimed at restoring circuit function
(Little and Brown, 2014).

Current standard animal models of PD typically involve acute, rapid degeneration of
dopamine neurons which does not recapitulate PD disease progression (for reviews see (Betarbet
et al., 2002; Bové et al., 2005; Hisahara and Shimohama, 2010; Schober, 2004; Terzioglu and
Galter, 2008)). These models preclude the development of pathogenic mechanisms and prevent
studies of various stages of PD. This need for chronic models of dopamine degeneration has led
to an increase in the number and availability of genetic models of PD, but only 5% of human PD
cases are inherited and these models come with their own set of limitations, discussed at length
in a number of reviews (Betarbet et al., 2002; Chesselet et al., 2008; Dauer and Przedborski,
2003; Dawson et al., 2010; Meredith et al., 2008a; Potashkin et al., 2010; Terzioglu and Galter,
2008). In contrast to genetic strategies, well-characterized neurotoxin models, and more
recently, AAV-induced overexpression of a- synuclein (Decressac et al., 2012a, 2012b;
Lundblad et al., 2012), have been adapted to create alternative chronic models of dopamine

depletion (Fleming et al., 2005; Goldberg et al., 2011, 2012; Greenamyre et al., 2003; Meredith
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et al., 2008a). However, models using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
require increased safety precautions when handling mice which has proven to be a deterrent for
widespread application of these models. Furthermore MPTP has had questionable toxicity in
various mouse strains and does not always result in persistent and progressive motor symptoms
(Betarbet et al., 2002; Bezard et al., 1997a; Blesa et al., 2010; Blume et al., 2009; McNaught et
al., 2004; Meredith et al., 2002; Przedborski et al., 2001; Schober, 2004; Schwarting et al.,
1999). Other adapted models utilize 6-hydroxydopamine (6-OHDA), the neurotoxin used in the
first animal model of PD associated with SNc dopaminergic neurodegeneration (Ungerstedt,
1968). In most models utilizing 6-OHDA, animals are dopamine depleted unilaterally or given
various acute doses to model different stages (Ferro et al., 2005; Fleming et al., 2005; Kirik et
al., 1998; Przedborski et al., 1995; Schwarting and Huston, 1996a, 1996b; Truong et al., 2006).
While dopamine loss in human PD can be asymmetrical, it ultimately results in dopamine loss in
both hemispheres (Deumens et al., 2002; Simola et al., 2007). There are also concerns regarding
contralateral compensation in unilateral depletions and a lack of compensatory mechanisms in
using acute doses to model different stages of the disease (Meredith and Kang, 2006; Potashkin
et al., 2010; Schwarting and Huston, 1996a). Thus, there is a lack of behavioral data available
for the prodromal phase, where dopamine is being depleted bilaterally and gradually within the
same animal.

In this study, we adapt the traditional 6-OHDA model to produce a gradual, bilateral
dopamine loss over a user-defined time course. By administering low doses of 6-OHDA
bilaterally through an intracranial cannula targeting the medial forebrain bundle (MFB), we
gradually depleted dopamine levels within the same animal over 2-7 weeks rather than 2-3 days.

Using this technique, we were able to slowly deplete dopamine over a prolonged time course to
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study the effects of gradual vs. acute depletion on the onset and progression of motor
impairments. We find that certain aspects of motor behavior are altered differentially as
dopamine is depleted. Furthermore, some behaviors were differentially affected in gradually vs.
acutely depleted mice, suggesting the engagement of compensatory plasticity during gradual
depletion that is not engaged with the more traditional, acute paradigm. This study demonstrates
that the time course of dopamine loss can influence the final behavioral state of the animal and
provides a paradigm with which to study how motor systems adapt to chronically low levels of

dopamine over time.

2.2 EXPERIMENTAL PROCEDURES

2.2.1 Animals

Experiments were conducted in accordance with the guidelines from the National Institutes of
Health and with approval from Carnegie Mellon University Institutional Animal Care and Use
Committee. Male and female P30-P80 day old mice on a C57BL/6J background were used for
experiments. Acutely depleted animals were P42-P59 at time of injection and were P47-P81
when they completed their last behavioral testing. Gradual(3day) depleted animals and littermate
saline controls were P34-P61 at the time of their first injection and were P44-P80 when they
completed their last behavioral testing. Gradual(7day) depleted animals and littermate controls
were P41 at the time of their first injection and were P90 when they completed their last
behavioral testing. After surgical implantation of the cannula, animals were housed separately to

prevent damage to the cannula. Animals were provided with dishes of crushed high fat food

20



pellets moistened with water, additional hard food pellets on the floor of the cage, as well as
access to a water bottle. All cages were placed half on/half off heating pads following surgery
and each subsequent infusion of 6-OHDA. Cages remained on heating pads unless animals were
observed resting mainly in the unheated portion of the cage. Each infusion of saline or 6-OHDA
was performed while animals were lightly anesthetized on a heating pad, and all animals were
injected with 0.1 cc of saline i.p. before being returned to their home cage. Animal’s weights
were tracked regularly and extra i.p. saline and softened food or trail mix were provided to

encourage weight gain and proper hydration when appropriate.

2.2.2 Implantation of bilateral cannulas and 6-OHDA injection in the MFB

Under ketamine/xylazine (100 mg/kg: 30 mg/kg, i.p.) anesthesia, the animals were placed on a
stereotaxic frame (David Kopf Instruments) and maintained throughout surgery using 1-2%
isoflurane. Bilateral internal cannulas (Plastics One) cut to target +£1.1mm lateral and -5.0mm
ventral were implanted 0.45mm posterior to bregma and secured using superglue. 6-
hydroxydopamine was prepared at a concentration of 5 pg/uL in 0.9% NacCl for acute depletions
and diluted further with 0.9% NaCl to 0.75 pg/uL for gradual depletions (Sigma-Aldrich H116
6-Hydroxydopamine hydrobromide). Injections were performed using a 33-gauge cannula
(Plastics One) attached to a 10 pLL Hamilton syringe within a syringe pump (GenieTouch; Kent
Scientific) running at 0.5uL/min, to a total volume of 1puL/side. The injection cannula was left in
place for 5 min following the injection. Control animals received the same volume of vehicle

(0.9%NaCl), following the same procedure. 6-OHDA and vehicle were administered every 3 or
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7 days, respectively, for gradual depletions and controls. Animals were sacrificed 72-80 h

following the last given injection.

2.2.3 Behavioral assessment

Following initial surgery and subsequent injections, animals were exposed to the following
sequential behavioral tests: open field, rearing, and pole task. The minimum interval between
two consecutive procedures was 30 min. All analysis and scoring was performed by observers
blind to treatment. One individual assigned a random number to each animal at the time of initial
surgery that identified their treatment group and analysis and scoring was performed by separate

individuals who recorded data solely based on animal number.

Open Field: To determine overall spontaneous mobility, mice were placed in a 24 cm diameter
clear cylindrical open field chamber with video monitoring from above. Mice were in the arena
for a total of 20 m, with 10 m for acclimation, and 10 m for data acquisition. Positions of nose,
tail, and center of mass of each mouse were tracked using EthoVision 9.0 software (Noldus).
Ambulation was defined as periods when the velocity of the animal’s center point averaged more
than 2.00 cm/s until the velocity was reduced to 1.75 cm/s. Two blind observers validated
accuracy of this definition, and it excluded other fine movements such as rearing and sniffing.
Immobility was defined as continuous periods of time (at least 1 s) during which the average
pixel change of the entire video image is less than 0.5%. This definition is very strict, such that
any movement of the head, limbs, or tail would not be scored as immobility. Total time spent
mobile, total time spent immobile, distance traveled, and average velocities were calculated

using EthoVision 9.0. The arena was cleaned with 50% ethanol between each animal.
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Rearing: To assess spontaneous vertical activity, mice were placed in a standard 1000 mL glass
beaker with video monitoring from the side for a total of 10 min. The number of full extension
rears was manually scored post-hoc by observers blind to treatment. The beaker was cleaned
with 50% ethanol between each animal.

Pole Task: To evaluate coordination and bradykinesia, mice were placed head-upward at the top
of a vertical gauze-wrapped circular wooden pole (diameter = 1 cm; height = 55 cm) with video
monitoring from the side. To encourage descent, a 60-watt lamp was aimed at the top of the
pole. Prior to surgery/testing mice were trained for 3-5 trials or until descent took < 30 s under
testing conditions to ensure each mouse was able to perform the task with ease before dopamine
depletion. The latency to turn downward (turn down latency = TDL), time from orientation
downward until all four paws reached the ground (traverse time), and total time spent on the pole
(total) was recorded with a maximum duration of 120 s for three trials. All measurements were
manually scored offline by observers blind to treatment. Even if the mouse fell part way into its
descent, the behavior was scored until it reached the ground. When the mouse was unable to
turn downward and/or instead dropped from the pole, all latencies were recorded as 120 s

(default value) because of the severity of motor dysfunction.

2.2.4 Immunohistochemistry

Degree of dopamine denervation was assessed at 72 h post-injection in 6-OHDA-treated mice by

tyrosine hydroxylase staining. Following decapitation, brains were surgically removed and drop-

fixed with 4% paraformaldehyde in phosphate buffered saline at 4°C for 24 h. After rinsing with

phosphate buffered saline, brains were transferred to 30% sucrose in phosphate buffered saline
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and stored at 4°C for at least 24 h prior to sectioning. Immunohistochemistry was carried out in
free-floating coronal frozen sections (30 um). Tissue was sectioned using a freezing microtome
(Microm HM 430; Thermo Scientific), blocked with 10% normal donkey serum, and
permeabilized with 0.5% Triton X-100 for 1 h. Primary antibody incubations were performed at
room temperature for 24 h using rabbit anti-TH (1:500; Pel-Freez). Primary antibodies were
detected with Alexa Fluor 647-conjugated donkey anti-rabbit (1:500, Vector Laboratories),
incubated for 90 min at room temperature.

Fluorescence Quantification: Epifluorescent images (10x magnification) were taken from
bilateral dorsal striatum in one coronal section between 0.62mm and 1.10 mm Bregma
(according to Paxinos second edition Mouse Brain in Stereotaxic Coordinates). Pixel intensity
over a 75 x 75 um area (5625 um?) from each hemisphere was measured using the pixel intensity
measuring tool in ImageJ and normalized to the pixel intensities measured in saline control mice
processed and imaged in parallel.

High Performance Liquid Chromatography: Levels of dopamine neurotransmitter were assessed
at 72 h post-injection in 6-hydroxydopamine-treated mice by high performance liquid
chromatography (HPLC). Following decapitation, brains were quickly placed in a Vibrotome
and a 700 um coronal section containing striatum was removed. Dorsal striatum from each side
was dissected and flash frozen on dry ice immediately. These samples were randomly numbered
and shipped on dry ice to CMN/KC Neurochemistry Core Laboratory at VVanderbilt University in
Nashville, TN for analysis. Upon receipt of results, data was compared to immunohistochemistry
results prior to un-blinding for analysis based on treatment group. In order to control for
variability of dopamine, data from each animal was normalized to a same sex, same litter saline

control.
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2.2.5 Statistical analysis

All data sets were tested for normality with the Shapiro-Wilk test prior to any statistical analysis.
Data are expressed as mean + standard error of mean (SEM) unless otherwise indicated.
Statistical analysis was performed using Kruskal-Wallis analysis of variance nonparametric test
(KW) and any differences were further investigated by Kruskal-Wallis pairwise comparison
between percentage dopamine remaining or injection number and saline controls with a
Bonferroni correction for number of comparisons. Bar graphs comparing performance between
saline, gradual, and acute depletions were also tested using KW and pairwise comparisons
included gradual vs. acute. In Figure 2.1F comparison of dorsal and ventral dopamine was
analyzed with a Student’s t-test. Dopamine metabolites in Figure 2.2 were analyzed using a one-
way analysis of variance (ANOVA) followed by a Dunnett T3 post hoc test (HVA, DOPAC, 3-
MT) or a Dunnett t (2-sided) post hoc test (Nor, 5-HT). A p-value of 0.05 was considered
statistically significant. All statistical procedures were performed using IBM SPSS Statistics,

version 22.

2.3 RESULTS

2.3.1 Injections of 6-OHDA over time result in graded depletion of striatal dopamine

To develop a depletion paradigm where the rate of dopamine loss can be controlled over time in

the same animal, we administered multiple, low doses of 6-OHDA through bilateral internal
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guide cannulas implanted in the MFB (Fig. 2.1A). Bilateral cannulas cut to target the MFB at +
1.1 mm medial/lateral and -5.0 mm ventral were implanted 0.45 mm posterior to bregma.
Targeting was confirmed post-hoc by analyzing Nissl-stained sections of tissue. Summaries of
paired cannula locations within the MFB are shown in Figure 2.1B.

To determine an optimal concentration of 6-OHDA to use for our paradigm, we first
tested the acute effects of different concentrations on striatal dopamine levels, assessed with
immunostaining for tyrosine hydroxylase (TH) (Table 2.1). We chose to use a dose of 0.75 g
because this reduced striatal dopamine by ~20% (TH-IR loss = 21.3 £ 7.5 %, n = 8) and should
therefore permit 4-5 injections to be administered before reaching full dopamine depletion. For
the majority of experiments, injections were administered once every three days, but in Figure
2.6 we will show that the time in between doses can be increased to deplete dopamine over an

even longer period.

Dose of 6- % TH-IR Remaining % DA-HPLC Remaining

OHDA (ng) (avg = std dev) (avg = std dev)
0.5 88.14 + 19.57 90.64 + 12.11
0.75 78.70 + 21.18 71.20 + 20.37
1 54.15 + 23.44 43.46 + 26.06
5 15.80 £ 12.99 13.70 £ 13.90

Table 2.1. Striatal dopamine levels following 6-OHDA injections. Quantification of TH immunoreactivity
(TH-IR) and high performance liquid chromatography (HPLC) detected levels of dopamine in the striatum
normalized to saline controls following an injection of 0.5, 0.75, 1, and 5 g of 6-OHDA. Values are expressed
as average percentage of dopamine remaining + standard deviation.

Over the course of our protocol, a subset of animals were sacrificed after each injection to
analyze dopamine levels within the striatum. Dopamine levels within the dorsal striatum were
quantified with two distinct methods: TH immunostaining to estimate the degree of

dopaminergic innervation, and high performance liquid chromatography (HPLC) to measure
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levels of dopamine neurotransmitter. Histological analysis of TH immunostaining revealed that
repeated injections of 0.75 ug resulted in a gradual and linear depletion (R? = 0.857, p < 0.0001)
of dopamine levels within the striatum over the course of 5 injections, spanning 15 days (KW
pairwise, p < 0.005 from saline) (Fig. 2.1C-D). By the fifth injection, the degree of dopamine
depletion was similar to that observed with the traditional acute method (5 pg, 1 injection). Both
the gradual and acute paradigms resulted in a more pronounced loss of dopamine in the dorsal
striatum compared to the ventral striatum (Fig. 2.1E-F). Although dopamine levels declined
somewhat in the accumbens over the course of our depletions, this was significantly less than the
dopamine loss observed in the dorsal striatum (Student’s t-test, D. Str. = 16.9 £ 2.5 %, n = 20; V.
Str. =52.8 £ 8.8 %, n =13, p = 0.002).

TH immunoreactivity often correlates tightly with dopamine levels, but this relationship
may break down under dopamine depleted conditions (Zigmond et al., 1984), so dopamine levels
were also measured directly with HPLC. HPLC analysis of dorsal striatum confirmed that levels
of dopamine neurotransmitter were also gradually and linearly depleted (R? = 0.819, p < 0.0001),
in strong accordance with our measurements of TH immunofluorescence (KW pairwise, p <
0.005 from saline) (Fig. 2.1G). Combined, these results show that repeated injections of 0.75 pg
of 6-OHDA into the MFB gradually depletes dopamine to the same end-point achieved with the

traditional 5 pg acute model, although over a much longer time course.
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Figure 2.1. Gradual depletion paradigm linearly reduces dopamine over time. (A) Schematic of sagittal
section of mouse brain showing the position of the infusion cannula in the MFB. Str = striatum, Thal =
thalamus, MFB = medial forebrain bundle, SNc¢ = substantia nigra pars compacta. (B) Cannulae placements
in the MFB, confirmed postmortem. Left and right MFBs from coronal sections spanning the cannulae
placements are shown, and Bregma coordinates are notated. Representative bilateral cannulae placements
from three representative mice are indicated with triangles, squares, and inverted triangles. (C)
Representative images of TH immunofluorescence (TH-IR), taken from the dorsal striatum of mice treated
with saline, two doses of 0.75 pg 6-OHDA, or five doses of 0.75 pg 6-OHDA. (D) Quantification of TH-IR
in the dorsal striatum, normalized to saline controls, following repeated injections of 0.75 pg or a single
injection of 5 ug 6-OHDA.. Values are expressed as percentage of dopamine remaining. Throughout figure,
error bars are SEM. KW, y%(6) = 106.218, p < 0.0001, pairwise, **p < 0.005 from saline. (E) Quantification
of TH-IR in the ventral striatum, normalized to saline controls, following repeated injections of 0.75 pg or a
single injection of 5 g 6-OHDA. Values are expressed as percentage of dopamine remaining. KW, ¥?(6) =
51.744, p < 0.0001, pairwise, **p < 0.005 from saline. (F) Quantification of TH-IR in the dorsal and ventral
striatum following the 5th injection of 0.75 pg of 6-OHDA. Data from each mouse, as well as population
averages are shown. Student’s t-test, t = -3.896, **p = 0.002. (G) Quantification of HPLC detected levels of
dopamine in the dorsal straitum, normalized to saline controls, following repeated injections of 0.75 pg or a
single injection of 5 pg 6-OHDA. Values are expressed as percentage of dopamine remaining. Fit line from

the graph of TH-IR levels is overlaid for comparison. KW, x%(6) = 69.554, p < 0.0001, pairwise, **p < 0.005
from saline.
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2.3.2 Effects of gradual depletion on dopamine metabolites and monoamines

To test whether our gradual depletion paradigm produced any compensatory changes in
dopamine metabolism, we used HPLC to measure levels of additional compounds in the tissue.
Levels of the dopamine metabolites homovanillic acid (HVA), 3,4-Dihydroxyphenylacetic acid
(DOPAC), and 3-methoxytyramine (3-MT) all showed similarly linear declines (HVA: r? =
0.762, p < 0.0001; DOPAC: r? = 0.776, p < 0.0001; 3-MT: r?> = 0.602, p < 0.0001) to that of
dopamine during our gradual depletion paradigm, but did not reach quite the same end stage
values as seen during acute depletion (Fig. 2.2A). This suggests there may be a compensatory
mechanism to slow dopamine metabolism that is engaged by gradual dopamine depletion, but
this mechanism is not sufficient to boost dopamine levels by a significant amount (see Fig.
2.1G).

Because 6-OHDA can also kill noradrenergic neurons, a population of neurons that is
also depleted in PD (Rommelfanger and Weinshenker, 2007), we used HPLC to measure
norepinephrine (NE) levels in the striatum. NE levels dropped by 40% (NE loss = 40.2 £ 9.1 %,
n =7, ANOVA with Dunnett t, p = 0.042 from saline) after the first injection, but then remained
constant across subsequent injections, ending at the same level of depletion as seen in acutely
depleted mice (Gradual NE =52.4 £ 8.7 %, n =9 vs. Acute NE =41.1 £ 6.7 %, n = 8) (Fig.
2.2B). Finally, we examined levels of serotonin in our tissue. Although serotonin neurons are
not directly affected by 6-OHDA, there have been conflicting reports about changes in serotonin
levels in the dorsal striatum following dopamine depletion (Balcioglu et al., 2003; Breese et al.,
1984; Carta et al., 2006; Commins et al., 1989; Frechilla et al., 2001; Karstaedt et al., 1994;

Rylander et al., 2010) and this has been hypothesized to play a role in L-dopa induced
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dyskinesias (Nagatsua and Sawadab, 2009; Rylander et al., 2010). Interestingly, serotonin levels
remained constant until ~60% of dopamine had been lost, then suddenly increased by 10-20%
(ANOVA with Dunnett t, p < 0.05 from saline). The magnitude of serotonin increase was
similar in both gradually and acutely depleted animals (Fig. 2.2C). These results suggest that
monoamine levels are altered to the same extent in both gradually and acutely depleted animals,

however, the trajectories of their changes differed compared to those for dopamine.
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Figure 2.2. Levels of dopamine metabolites and other monoamines measured with HPLC during
gradual dopamine depletion paradigm. (A) Quantification of HPLC detected levels of the dopamine
metabolites homovanillic acid (HVA), 3,4-Dihydroxyphenylacetic acid (DOPAC), and 3-methoxytyramine
(3-MT). Tissue samples were taken from the dorsal striatum of mice who received repeated injections of 0.75
pg 6-OHDA or a single injection of 5 pug of 6-OHDA. Values are normalized to saline controls for each time
point. Throughout figure, error bars are SEM. Fit line from the graph of HPLC dopamine levels is overlaid
for comparison. ANOVA, HVA: F[6,73] = 51.085; DOPAC: F[6,73] = 55.560; 3-MT: F[6,73] = 34.572, all
p < 0.0001, Dunnett T3, *p < 0.05 from saline; **p < 0.005 from saline. (B) Quantification of HPLC detected
levels of norepinephrine in the dorsal striatum at all time points of the gradual depletion paradigm and in
acutely depleted mice. Values are normalized to saline controls. ANOVA, F[6,73] = 9.709, p < 0.0001,
Dunnett t, *p < 0.05 from saline; **p < 0.005 from saline. (C) Quantification of HPLC detected levels of
serotonin in the dorsal striatum at all time points of the gradual depletion paradigm and in acutely depleted
mice. Values are normalized to saline controls. ANOVA, F[6,73] = 4.083, p = 0.01, Dunnett t, *p < 0.05
from saline; **p < 0.005 from saline. Serotonin levels in the dorsal striatum from each mouse, normalized to
saline controls, plotted as a function of striatal dopamine levels.
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2.3.3 Open field locomotor deficits develop suddenly during gradual depletions

The behavioral effects of our gradual dopamine depletion paradigm were first assessed by
examining spontaneous locomotion in an open field arena (Ferro et al., 2005; Kravitz et al.,
2010; Kreitzer and Malenka, 2007; Simola et al., 2007). Mice were placed in a clear walled,
circular arena and allowed to habituate for 10 minutes. After the habituation period, their
spontaneous behavior was monitored for an additional 10 minutes with overhead and side-
mounted video cameras (Fig. 2.3A). For all of the behavioral tasks, our questions were two-fold:
At what stage of dopamine loss would behavioral impairments first become apparent, and, would
end-stage motor deficits differ between gradually and acutely depleted mice?

Using EthoVision behavioral tracking software (Noldus), we quantified movement
parameters such as total distance traveled, average velocity, and time spent immobile (Fig. 2.3B-
G). We measured parameters that would capture both mobility and immobility because these
different aspects of motor function are believed to be controlled by distinct pathways within the
basal ganglia and may be differentially affected by dopamine depletion (Albin et al., 1989; Day
et al., 2006; DeLong, 1990; Galvan and Wichmann, 2007; Gittis et al., 2011; Graybiel et al.,
1994, Kreitzer and Malenka, 2007; Mallet et al., 2006; Schwarting and Huston, 1996a, 1996b).
Gradually depleted mice were grouped into five groups, based on percent dopamine remaining
(89.8£2.4%,n=10;73.9+1.8%,n=9;51.8+1.3%,n=22;30.1+£1.4%,n=21;141+17
%, n = 12). Dopamine levels decreased linearly with increasing number of injections of 0.75 ug
6-OHDA received (r? = 0.594, p<0.0005). Saline-injected mice moved an average of 2756 + 63
cm (n=28) in 10 minutes. At early stages of gradual dopamine depletion (<20%), locomotion
was actually increased (3381 £ 132 cm, n = 10, KW pairwise, p = 0.006 from saline) (Fig. 2.3B).

As our gradual depletion paradigm progressed, mice continued to show robust movement around
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the arena until dopamine levels had dropped by ~70%, after which distance traveled sharply
declined. At end-stage dopamine levels (dopamine loss >80%), locomotion had decreased by
about 2-fold compared to saline and was similarly impaired in both gradually and acutely
depleted mice (Gradual = 1323 £ 29 cm, n=12; Acute = 1534 £ 324 cm, n=14, KW pairwise, p =
1) (Fig. 2.3C).

Average velocity during the 10-minute period followed a similar pattern. The average
velocity of saline-treated mice was 4.6 £ 0.1 cm/s and increased slightly after the initial injection,
before declining sharply once dopamine loss exceeded ~70% (Fig. 2.3D). At end-stage
dopamine levels, both gradually and acutely depleted animals showed a similar 2-fold decrease
in velocity compared to saline control animals (Gradual = 2.2 + 0.4 cm/s; Acute = 2.5 £ 0.5 cm/s,
KW pairwise, p = 1) (Fig. 2.3E). Finally, we also observed that mice spent relatively little time
during this task immobile, until gradual depletions reached ~70%, after which immobility
increased significantly (KW pairwise, p < 0.05 from saline) (Fig. 2.3F). Immaobility was defined
such that any movement of the head, limbs, or tail did not count towards time spent immobile.
By the time dopamine depletions were >80%, gradually depleted mice spent 18.7 + 8.0% of their
time immobile, similar to the 16.1 + 5.6% of time acutely depleted mice were immobile (KW
pairwise, p = 1) (Fig. 2.3G). These results suggest that both mobile and immobile aspects of
general locomotion remain intact until >70% dopamine is lost. Furthermore, animals that have
lost >80% of their dopamine, either through gradual or the acute depletion paradigms, show the

same degree of locomotor deficits on this task.
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Figure 2.3. Effects of gradual dopamine depletion on spontaneous locomotion in an open field. (A)
Example plot tracks from a saline control mouse, a gradually depleted mouse that has received 5 injections
of 0.75 pg 6-OHDA, and an acutely depleted mouse that has received 1 injection of 5 ug 6-OHDA. (B)
Total distance traveled over 10 minutes in saline control animals, gradually depleted animals, and acutely
depleted animals. Throughout the figure, error bars are SEM. KW, ¥%(6) = 49.674, p < 0.0001, pairwise,
*p = 0.012 from saline; **p < 0.005 from saline. (C) Total distance traveled by saline control animals
compared to gradually and acutely depleted mice with 0-20% dorsal striatal dopamine remaining. KW,
v?(2) = 31.091, p < 0.0001, pairwise, **p < 0.005. (D) Average velocity of saline control animals,
gradually depleted animals, and acutely depleted animals. KW, ¥?(6) = 49.642, p < 0.0001, pairwise, *p
= 0.012 from saline; **p < 0.005 from saline. (E) Average velocity of saline control animals compared to
gradually and acutely depleted mice with 0-20% striatal dopamine remaining. KW, y3(2) = 31.141, p <
0.0001, pairwise, **p < 0.005. (F) Percentage of time spent immobile by saline control animals, gradually
depleted animals, and acutely depleted animals. KW, ¥%(6) = 40.429, p < 0.0001, pairwise, *p < 0.05 from
saline; **p < 0.005 from saline. (G) Percentage of time spent immobile in saline control animals compared
to gradually and acutely depleted animals with 0-20% striatal dopamine remaining. KW, ¥?(2) = 31.679,
p < 0.0001, pairwise, **p < 0.005.
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2.3.4 Rearing deficits progress gradually as dopamine is depleted

Although movement in the open field can detect general deficits in locomotion, this task is very
broad and does not reveal deficits to any particular system. In contrast, vertical movement,
assessed with rearing tasks, has been suggested to correlate strongly with dorsolateral striatal
function (Drago et al., 1994, Jicha and Salamone, 1991; Schwarting et al., 1999). To assess how
rearing behavior changed over the course of our gradual dopamine depletion, mice were placed
in a 1000 mL beaker for 10 minutes, and the number of rears were counted over this period (Fig.
2.4A).

The number of rears in gradually depleted mice decreased linearly (grouped data: R? =
0.314, p < 0.0001; raw data: R? = 0.287, p < 0.0001) with decreasing levels of dopamine (Fig.
2.4B,C). Atend-stage dopamine levels (depletion >80%), acute and gradually depleted mice
showed similar reductions in rearing frequency compared to saline controls that had been tested a
similar number of times (Saline =52.9 + 2.8, n = 24; Gradual = 13.8 £ 5.7, n = 10; Acute = 12.8
+5.9, n =13, KW pairwise, saline vs. gradual and acute, p < 0.006, gradual vs. acute, p = 1)

(Fig. 2.4C).
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Figure 2.4. Effects of gradual dopamine depletion on rearing behavior. (A) Example of a full extension rear.
(B) Average number of rears of saline control animals, gradually depleted animals across all dopamine levels, and
acutely depleted animals during 10 minutes in beaker. Throughout the figure, error bars are SEM. KW, %?(6) =
42.623, p < 0.0001, pairwise, **p < 0.005 from saline. (C) Scatter plot of individual animals rearing performance.
(D) Average number of rears of saline control animals, gradually depleted animals with 0-20% dorsal striatal
dopamine, and acutely depleted animals with 0-20% dorsal striatal dopamine. KW, x2(2) = 23.977, p < 0.0001,
pairwise, **p < 0.005.
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2.3.5 Motor coordination is differentially affected in gradually vs. acutely depleted mice

Both open field and rearing tasks assess different aspects of spontaneous gross motor function in
mice, but neither provides a measurement of fine movement or coordination, behaviors which
detect early motor deficits in some mouse models of disease (Fernagut et al., 2003; Fleming et
al., 2004; Matsuura et al., 1997; Ogawa et al., 1985; Sedelis et al., 2001). To assess fine motor
coordination in gradually depleted mice, animals were subjected to a pole task. While less
commonly utilized than open field and rearing, the pole task is a well-established technique used
to assess motor skills in many animal models of diseases that result in motor dysfunction (Credle
et al., 2015; Hickey et al., 2008; Matsuura et al., 1997). The task involves placing an animal face
upward on a tall vertical pole with small diameter (1 cm) and measuring the time it takes for the
animal to turn facing downward (Turn down latency = TDL), the time from turning downward to
finish traversing the pole (Traverse), and the total time spent on the pole (Total) (Fig. 2.5A).

Intriguingly, although acutely depleted mice were severely impaired on this task,
gradually depleted mice maintained a level of performance similar to that of saline controls (KW
pairwise, p > 0.12 from saline) (Fig. 2.5B). The total time gradually depleted animals spent on
the pole increased slightly with decreasing levels of striatal dopamine, but even at end-stage
dopamine levels, gradually depleted mice significantly outperformed acutely depleted mice (KW
pairwise, p = 0.00495), and their time spent on the pole was not significantly different from that
of saline controls (KW pairwise, p = 0.102) (Saline = 23.0 £ 2.0, n = 26; Gradual =46.3 + 10.7, n
= 11; Acute = 107.4 £ 5.7, n = 15) (Fig. 2.5C).

To differentiate between the two different components of this task: orienting downward

after being placed at the top of the pole, and descending to the bottom, we separately analyzed
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the time needed to complete these two phases of the task. Turn down latency of gradually
depleted mice remained similar to that of saline controls throughout dopamine depletion (KW
pairwise, p > 0.318 from saline) (Fig. 2.5D-E). In contrast, acutely depleted mice displayed a
significantly increased turn down latency (Saline = 11.0 + 1.7; Gradual =18.4 + 6.5; Acute =
96.3 £ 9.4; KW pairwise, p < 0.005 from saline and gradual). In many cases, acutely depleted
animals either could not turn downward on their own, or it took them over half of the total time
allotted for the task. Gradually depleted mice showed a significant impairment on this task
during the traverse phase, where the amount of time it took them to walk to the bottom was
significantly greater than that of saline controls (KW pairwise, p = 0.012), but still much faster
than that of acutely depleted mice (KW pairwise, p = 0.0012) (Saline = 12.3 = 0.7; Gradual
=32.4 £ 9.6; Acute = 88.7 + 9.6) (Fig. 2.5F-G). In many cases, acutely depleted animals either
fell from the pole, unable to complete the task, or circled around the pole many times as they
descended, resulting in traversal times over half of the allotted time for the task. Gradually
depleted animals also circled around the pole as they descended; however they were still
significantly faster than acutely depleted animals.

These results suggest that certain aspects of an animal’s behavior may adapt differently
when dopamine is depleted gradually rather than acutely. Gradually depleted animals show little
or no deficits on the pole task, whereas acutely depleted animals show severe deficits on the

same task.
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Figure 2.5. Effects of gradual dopamine depletion on motor coordination assessed with a vertical
pole task. (A) Image of mouse descending pole and schematic of timed parameters of pole task. (B)
Average time needed to complete the entire task for saline control animals, gradually depleted animals,
and acutely depleted animals. Throughout the figure, error bars are SEM. KW, ¥%(6) = 52.592, p < 0.0001,
pairwise, **p < 0.005 from saline. (C) Average total time of saline control animals compared to gradually
and acutely depleted animals with 0-20% striatal dopamine remaining. KW, »%(2) = 39.537, p < 0.0001,
pairwise, *p < 0.05. (D) Average turn down latency (TDL) of saline control animals, gradually depleted
animals, and acutely depleted animals. KW, ¥?(6) = 37.667, p < 0.0001, pairwise, **p < 0.005 from saline.
(E) Average TDL of saline control animals compared to gradually and acutely depleted animals with 0-
20% dorsal striatal dopamine, and acutely depleted animals with 0-20% striatal dopamine remaining. KW,
¥ (2) = 29.908, p < 0.0001, pairwise, **p < 0.005. (F) Average traversal time of saline control animals,
gradually depleted animals, and acutely depleted animals. KW, ?(6) = 58.834, p < 0.0001, pairwise, *p <
0.05 from saline; **p < 0.005 from saline. (G) Average traversal time of saline control animals compared
to gradually and acutely depleted animals with 0-20% striatal dopamine remaining. KW, ¥?(2)= 43.068, p
< 0.0001, pairwise, *p < 0.05.
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2.3.6 Time course of gradual depletions can be varied and extended

The gradual paradigm used for this study involved injections every three days for a total of 15
days. This is five times longer than the traditional acute depletion, however this is still a
relatively short time span compared to the slow progression of PD in humans. Therefore, we
wanted to determine whether dopamine could be fully depleted using a longer time course. We
therefore spaced our injections of 0.75 pg 6-OHDA every seven days, instead of every three
days, for a total of 35 days. Subsets of animals were sacrificed after three injections and five
injections to analyze TH levels in the dorsal striatum (Fig. 2.6A). In contrast to our findings with
injections every three days, five injections spaced every seven days was not sufficient to fully
deplete dopamine from the striatum (Fig. 2.6A). However, increasing the number of injections
to seven, for a total of 49 days, resulted in full striatal dopamine depletion (KW pairwise, p <

0.0001 from saline) (Fig. 2.6B).
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Figure 2.6. Time course of gradual depletions can be varied and extended over a month. (A)
Quantification of TH-IR in the dorsal striatum normalized to saline controls following repeated injections
of 0.75 pg 6-OHDA, administered every seven days, every three days, or a single injection of 5 pug of 6-
OHDA. Values are normalized to saline controls and expressed as percentage of dopamine remaining.
Throughout the figure, error bars are SEM. (B) Quantification of TH-IR in the dorsal striatum, normalized
to saline controls, following the last injection of the gradual seven-day, gradual three-day, and acute
paradigms. KW, ¥?(3) = 110.653, p < 0.0001, pairwise, **p < 0.005. (C) Example plot tracks from a
gradually depleted mouse that has received seven injections of 0.75 ug 6-OHDA every seven days, a
gradually depleted mouse that has received five injections of 0.75 pg every three days, and an acutely
depleted mouse that has received one injection of 5 pg. (D) Total distance traveled during 10 minutes in
the open field arena by saline control animals compared to mice with 0-20% dopamine remaining that
were depleted with the seven-day gradual, three-day gradual, or acute dopamine depletion paradigms.
KW, ¥*(3) = 36.831, p < 0.0001, pairwise, *p < 0.05. (E) Average velocity of saline control animals
compared to animals with 0-20% dopamine that were depleted with the seven-day gradual, three-day
gradual, or acute dopamine depletion paradigms. KW, ¥?(3) = 36.881, p < 0.0001, pairwise, *p < 0.05. (F)
Percentage of time spent mobile in saline control animals and animals with 0-20% dopamine that received
0.75 ug every 7 days, 0.75 pg every 3 days, or a single injection of 5 pug of 6-OHDA during open field.
KW, v%(3)= 40.548, p < 0.0001, pairwise, **p < 0.005. (G) Percentage of time spent immobile in saline
control animals and animals with 0-20% dopamine that received 0.75 pg every 7 days, 0.75 pg every 3
days, or a single injection of 5 pug of 6-OHDA during open field. KW, ¥%(3)= 34.129, p < 0.0001, pairwise,
**p < 0.005.
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At end-stage dopamine depletions (>80%), spontaneous locomotion of seven-day
gradually depleted mice in the open field was compared to that of three-day gradually depleted
and acutely depleted mice (Fig. 2.6C). Distance traveled and velocity were decreased in seven-
day depleted animals compared to saline (KW pairwise, p = 0.018 from saline), to a similar
extent as that seen in three-day gradual and acutely depleted mice (KW pairwise, p < 0.002 from
saline, p = 1 from 7day) (Fig. 2.6D-E). Although immobility tended to increase in seven-day
depleted mice compared to saline, this increase was not as dramatic as that seen with the acute
and three-day gradual paradigm (KW pairwise, p = 0.24 from saline), suggesting there may be
additional compensatory mechanisms engaged during the longer seven-day depletion paradigm
resulting in a smaller reduction in mobility (Saline = 1.1 £ 0.1 %, n = 40; Gradual(7day) = 4.1 +
2.1 %, n = 4; Gradual(3day) = 18.6 £ 8.0 %, n =12; Acute = 16.1 £ 5.5 %, n = 14) (Fig. 2.6F-G).
Percentage of time spent performing fine movements was also analyzed, however there were no
differences between mice that underwent the seven-day paradigm, three-day paradigm, or acute

paradigm (data not shown).

2.4  DISCUSSION

Using a progressive model of dopamine depletion, we show that the time course of dopamine
loss can impact the severity of motor symptoms. Furthermore, progressive dopamine loss
reveals dissociable rates of behavioral impairment for different types of motor tasks (Fig. 2.7A-
B). Spontaneous locomotion in the open field remained normal until rapidly declining with
depletions >70%; rearing behavior declined steadily as a function of decreasing dopamine levels;

and performance on the pole task remained robust in gradually depleted mice, despite severe
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deficits on this task in acutely depleted mice. Taken together, these data suggest that our gradual
depletion paradigm provides an experimental platform to study circuit changes during early
dopamine loss, including mechanisms of compensatory plasticity that may be precluded in

traditional acute models.
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Figure 2.7. Differential progression motor deficits in gradually depleted mice. (A) Normalized
behavior of gradually depleted animals plotted as a function of striatal dopamine levels. Percentage of
time spent mobile normalized to saline controls is plotted as a representative of open field activity, total
number of rears normalized to saline controls is plotted for rearing, and turn down latency normalized to
saline controls is plotted as a representative of pole task performance. (B) Schematic showing the
differential degradation of behavior of animals whose dopamine was gradually depleted.

A major challenge in treating PD is that the hallmark motor symptoms of the disease
typically do not present until the majority of dopamine (>70%) has been depleted from the
system (Bernheimer et al., 1973; Deumens et al., 2002; Fahn, 2003; Olanow and Obeso, 2012;
Riederer and Wuketich, 1976). Therefore, by the time of diagnosis, physiological progression of
the disease may have already reached a point where it cannot be reversed (Bezard and Gross,
1998; Bezard et al., 2003; Schapira and Tolosa, 2010). This early phase of the disease, when
dopamine levels have started to decline but overt motor symptoms have not yet presented, is
called the prodromal phase, and is likely an ideal window in which to begin therapy (Bezard et
al., 2003; Tolosa et al., 2009). However, our understanding of the physiological changes
occurring during prodromal PD are sparse, and there is no clear understanding of when and

where to best intervene during this period to maximize therapeutic outcome.
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This knowledge gap is exacerbated by the fact that most mouse models of PD are not
suitable for study of the prodromal phase because they rely on administration of an acute dose of
6-OHDA, or other neurotoxins, to produce a certain degree of depletion (Ferro et al., 2005; Kirik
et al., 1998; Meredith et al., 2008a; Przedborski et al., 1995; Schwarting and Huston, 1996a,
1996b; Truong et al., 2006). Although the acute 6-OHDA model has unveiled many differences
in the brain following full dopamine depletion (Day et al., 2006; Gittis et al., 2011; lancu et al.,
2005; Jeon et al., 1995; Kravitz et al., 2010; Kreitzer and Malenka, 2007; Mallet et al., 2006;
Schober, 2004; Schwarting and Huston, 1996b; Taverna et al., 2008), this technique fails to
capture what is happening to the behavior of an animal as dopamine is gradually and consistently
depleted within the same system, similar to the pathology of human PD (Bernheimer et al., 1973;
Meredith et al., 2008a; Potashkin et al., 2010; Savitt et al., 2006). One promising progressive
model involves AAV-induced overexpression of a-synuclein. This model results in considerable
loss of dopamine, as well as gradual motor impairments and proteinaceous inclusions (Decressac
et al., 2012a, 2012b; Lundblad et al., 2012). These vector injections may shed more light on the
role of a-synuclein inclusions in the degeneration of dopamine and appearance of motor deficits,
however optimization and characterization of this model is still on-going (see review (Lindgren
etal.,, 2012)).

By administering repeated, low doses of 6-OHDA to the MFB, we were able to linearly
deplete dopamine levels over a user-defined time course of 15-49 days, based on the spacing of
injections. Using this approach, we induced behavioral deficits at end-stages of dopamine
depletion (>80%), that were comparable to that of acutely depleted mice in both locomotor open
field and rearing tasks. The only difference we observed between gradually and acutely depleted

mice on these tasks was that mice who had been gradually depleted over 49 days showed less
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immobility in the open field, largely because they spent more of their time moving, which was
more similar to the behavioral patterns observed in saline-treated mice. The fact that we
observed a greater difference in immobility than mobility, suggests that there may be different
degrees of compensatory plasticity within separate pathways of the basal ganglia that
differentially control these distinct aspects of movement (DeLong and Wichmann, 2007; Gerfen
and Surmeier, 2011; Kravitz et al., 2010; Smith et al., 1998). The lack of immobility in seven-
day depleted mice compared to three-day depleted mice may indicate compensatory mechanisms
that are engaged over weeks rather than days.

Through assessment of exploratory rearing, we found that impairments in this behavior
appear even at early stages of dopamine loss, and continue to progress as a direct function of
dopamine levels. This linear decrease in rearing has been noted in previous studies using genetic
or graded toxin models (Fleming et al., 2004; Goldberg et al., 2011). This behavior relies
heavily on dorsolateral striatal function and therefore suggests that dorsolateral striatum is being
progressively impaired over the course of our depletion protocol. The dorsolateral striatum is
thought to be the source for many motor symptoms of PD — because it is the nucleus most
directly affected by the loss of dopaminergic neurons in the SNc — and is critically involved in
motor behaviors (Albin et al., 1989; Bolam et al., 2000; DeLong, 1990). The different
trajectories of behavioral impairments on the open field vs. rearing tasks could be due to a
number of reasons. While rearing appears to be most directly related to decreasing levels of
striatal dopamine, mobility in the open field may be temporarily preserved due to compensation
or adaptation in the dopamine system (Zigmond and Hastings, 1997; Zigmond et al., 1984,

2002), altered activity of nuclei within the basal ganglia (Bezard et al., 1997b, 1999; Maneuf et
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al., 1994; Qiu et al., 2014), or compensation outside of the basal ganglia (Bezard et al., 2003;
Brooks, 1999; Brotchie and Fitzer-Attas, 2009; Schroll et al., 2014).

An intriguing discovery of our study is that performance on the pole task, which relies on
fine motor control and coordination, was dramatically different in severely dopamine depleted
animals (>80%), depending on whether mice were gradually or acutely depleted. Previous
studies using other models of dopamine depletion have shown severe deficits in performing this
task (Fleming et al., 2004, 2006; Matsuura et al., 1997; Ogawa et al., 1985). Consistent with
these previous studies, acutely depleted animals either could not perform the task, or took longer
than half the allotted time for the task. In contrast, gradually depleted animals showed almost no
deficits when compared to saline controls. This suggests that the improved performance on the
pole task is due specifically to the time course of dopamine depletion. These results lend further
support to the notion that the brain compensates or adapts differently to decreased levels of
dopamine when dopamine loss occurs gradually over weeks instead of acutely over days. While
the pole task may not be a good test of basal ganglia function, another possibility is that
performance on this task can be regulated by a number of interacting motor systems (Brooks and
Dunnett, 2009; Thullier et al., 1997), some of which can compensate when basal ganglia function
is impaired. Many studies have shown the cerebellum as well as the supplementary motor area
(SMA) may contribute to motor coordination and fine motor skills and show different activity
patterns in human PD patients (Bezard et al., 2003; Bostan and Strick, 2010; Debaere et al.,
2001; Ramnani et al., 2001; Rascol et al., 1997; Rosin et al., 2015; Thach et al., 1992; Wu and
Hallett, 2005, 2013; Yu et al., 2007). These outside brain areas may be recruited only when
dopamine is gradually depleted from the system and could account for the differences seen on

the pole task. This difference in pole task performance highlights the importance of developing
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and analyzing models where dopamine is depleted gradually within the same animal in a manner
that is more consistent with PD pathology.

Although toxin models do not replicate all symptoms of human PD, most notably Lewy
body inclusions, they are critical tools for gaining better mechanistic insights into circuit changes
underlying the motor symptoms of the disease. In particular, toxin models are useful for studies
directed at cell-specific mechanisms of circuit dysfunction, especially in mice where genetic
labeling and manipulation of cells and circuits is unparalleled compared to any other mammalian
system. By developing toxin paradigms that better replicate the chronic dopamine loss seen in
human PD, we can gain a better understanding of how the temporal progression of dopamine loss
alters neural circuits and ultimately motor function. A thorough understanding of how neural
circuits adapt to decreasing levels of dopamine could lead to more effective therapies targeted at
restoring circuit function in addition to restoration of dopamine levels.

In summary, we have shown that 6-OHDA can be utilized to gradually deplete dopamine
within the same animal over time. This model has allowed us to uncover differential trajectories
of motor degradation due to gradual dopamine depletion. Furthermore, this gradual model does
not show the same extent of motor deficits seen in traditional acute models of dopamine
depletion, suggesting that compensation may have a bigger impact on behavior when dopamine
is gradually reduced within the same animal over time. This gradual depletion model can be
manipulated to further uncover important aspects of how the brain adapts during the prodromal
phase of PD and may lead to better methods of diagnosing and treating this neurodegenerative

disease.
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3.0 STEREOTYPED BASAL GANGLIA OUTPUT PATHOPHYSIOLOGY ACROSS

DOPAMINE DEPLETION MODELS EMERGES PRIOR TO MOTOR DEFICITS

Parkinson’s disease (PD) is characterized by the progressive loss of dopamine in the basal
ganglia that drastically alters circuit physiology and motor function. While dopamine levels in
individuals with PD are gradually reduced over many years, motor deficits do not appear until
~70-80% of dopamine is lost. Theoretical models propose that changes in firing rate and/or firing
pattern in basal ganglia output are likely responsible for the transition from asymptomatic to
symptomatic PD. Here, to determine the onset and progression of pathophysiology in the basal
ganglia during progressive dopamine loss, we recorded neural activity in the output nucleus at
different stages of dopamine loss in two progressive mouse models of PD — a gradual 6-
hydroxydopamine (6-OHDA) toxin model and a gradual pre-formed fibrils a-synuclein (PFF a-
syn) model. We found that pathophysiology progresses in a stereotyped, hierarchical manner
with firing rate changes occurring at early stages of dopamine loss, followed by changes in firing
pattern that emerge at intermediate stages of dopamine loss. No one physiological parameter
predicted motor deficits, however, principal component analysis revealed a biphasic transition in
basal ganglia output physiology from healthy to end-stage. Due to the gradual and bilateral
nature of these models, we also compared the degree of the pathophysiology seen in these
models to two additional well-studied 6-OHDA mouse models — a bilateral acute 6-OHDA
model with a much faster time course and a unilateral 6-OHDA model with preserved dopamine
levels on the contralateral hemisphere. We found that the severity of pathophysiology was

similar across all models regardless of time course or method of depletion, suggesting that
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compensatory mechanisms in the basal ganglia become overwhelmed at end-stages of dopamine

loss.

3.1 INTRODUCTION

Parkinson’s disease (PD) is a movement disorder caused by the progressive degeneration of
dopamine neurons in the substantia nigra pars compacta (SNc). The main projection targets of
SNc dopamine neurons are motor territories of the basal ganglia, especially the dorsal striatum
(Bjorklund and Dunnett, 2007; Lavoie et al., 1989). As a result, the hallmark symptoms of PD
are predominantly motor, including resting tremor, postural abnormalities, gait disturbances, and
decreased/slowed movement. Physiological indicators of basal ganglia dysfunction in the
parkinsonian state include changes in both neuronal firing rates and patterns. The ‘rate model’
posits that motor symptoms are the result of elevated firing rates of basal ganglia output neurons
under dopamine depleted conditions (DeLong, 1990; Filion and Tremblay, 1991; Kravitz et al.,
2010; Wichmann and DeLong, 2011). However, changes in both the magnitude and sign of
firing rates vary widely across studies, suggesting that rates alone do not account entirely for
motor deficits (Leblois et al., 2007; Nelson and Kreitzer, 2014; Seeger-Armbruster and VVon
Ameln-Mayerhofer, 2013; Wichmann et al., 1999). An alternative model is that motor deficits
are more closely related to changes in neuronal firing patterns (Guridi and Alegre, 2017,
Hammond et al., 2007). Under dopamine depleted conditions, basal ganglia output neurons fire
more irregularly and synchronously than under normal conditions (Filion and Tremblay, 1991;
Galvan and Wichmann, 2008; Heimer et al., 2002; Hutchison et al., 1994; Wichmann et al.,

2002). These aberrant firing patterns are hypothesized to disrupt information encoding which
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impairs movement, but the correlation between firing patterns and motor deficits remains
controversial.

Despite a vast literature describing basal ganglia pathophysiology at end-stages of
dopamine loss, the question of when deficits emerge over the course of progressive depletion is
poorly understood. PD is a gradual, neurodegenerative disorder and motor symptoms rarely
present until late stages of dopamine loss (~20-30% striatal dopamine remaining) (Bernheimer et
al., 1973; Fahn, 2003; Riederer and Wuketich, 1976). At this stage, treatments are limited to
those that minimize symptoms rather than disease-modifying therapies. Diagnosing and treating
patients during the presymptomatic, or ‘prodromal’ phase of the disease — when dopamine levels
have started to decline but motor symptoms are not yet present —would increase options for
treatment and result in better patient outcomes (Olanow and Obeso, 2012; Schapira and Tolosa,
2010; Tolosa et al., 2009). However, we know very little about the physiological trajectory of
basal ganglia circuits as they transition from the healthy to the diseased state. Do
pathophysiological changes emerge all at once, or is there a hierarchical progression? Does their
severity worsen monotonically, or are there discrete inflection points that predict the transition
from asymptomatic to symptomatic stages of the disease? Answering these questions is critical
to develop therapeutic strategies for early intervention.

To study the onset and progression of basal ganglia pathophysiology during progressive
dopamine loss in an intact network, we recorded neural activity in vivo from the substantia nigra
pars reticulata (SNr) of mice at different stages of dopamine depletion, induced at rates ranging
from 3 days — 6 months, using both toxin and neurodegenerative models. We found that across
depletion models, SNr pathophysiology progressed in a stereotyped, hierarchical manner: firing

rate change occurred first, at early stages of depletion, followed by changes in firing patterns that

49



emerged at more intermediate stages of depletion. Although no physiological parameters could
predict motor deficits in isolation, in aggregate, we found that the transition from the
asymptomatic to symptomatic stage was accompanied by a sharp increase in interactions with
synchrony. Finally, at end-stages of depletion, the physiology of SNr neurons could not be
discriminated across models or time course of depletion, suggesting that at end-stage,
compensatory mechanisms become overwhelmed, supported by findings that unilaterally
depleted mice and bilaterally depleted mice exhibit similar pathophysiology at end-stages of

dopamine loss.

3.2 METHODS

3.2.1 Animals

Experiments were conducted in accordance with the guidelines from the National Institutes of
Health and with approval from Carnegie Mellon University Institutional Animal Care and Use
Committee. Male and female mice 8-15 weeks old weighing at least 20g prior to initial surgery
on a C57BL/6J background were used for experiments. Co-housed littermates of the same sex
were randomly assigned to experimental groups. After surgical implantation of the cannula or
head-bar, animals were housed separately to prevent damage to the cannula or head-bar. Animals
were provided with dishes of crushed high fat food pellets moistened with water, additional hard
food pellets on the floor of the cage, as well as access to a water bottle. All cages were placed
half on/half off heating pads following surgery and each subsequent infusion of 6-OHDA. Cages

remained on heating pads unless animals were observed resting mainly in the unheated portion of
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the cage. Each infusion of saline or 6-OHDA was performed while animals were lightly
anesthetized on a heating pad, and all animals were injected with 0.1 cc of saline i.p. before
being returned to their home cage. Animal’s weights were tracked regularly and extra i.p. saline
and softened food or trail mix were provided to encourage weight gain and proper hydration
when appropriate. All animals prior to cannula or head-bar implant were group housed (2-6 per

group) in a 12-h/12-h light dark cycle and all experiments were completed during the light cycle.

3.2.2 Cannula implantation

Under ketamine/xylazine (100 mg/kg: 30 mg/kg, i.p.) anesthesia, the mice were placed on a
stereotaxic frame (David Kopf Instruments) and maintained throughout surgery using 1-2%
isoflurane. Bilateral internal cannulas (Plastics One) cut to target £1.1 mm lateral and -5.0 mm
ventral were implanted 0.45 mm posterior to bregma and secured using superglue. 6-
hydroxydopamine was prepared at a concentration of 5 pg/uL in 0.9% NaCl for unilateral and
bilateral acute depletions and diluted further with 0.9% NaCl to 0.75 pg/uL for bilateral gradual
depletions (Sigma-Aldrich H116 6-Hydroxydopamine hydrobromide). Injections were
performed using a 33-gauge cannula (Plastics One) attached to a 10 uL Hamilton syringe within
a syringe pump (GenieTouch; Kent Scientific) running at 0.5uL/min, to a total volume of
lul/side. The injection cannula was left in place for 5 min following the injection. Control
animals received the same volume of vehicle (0.9% NacCl), following the same procedure. 6-
OHDA and vehicle were administered every 5 days, respectively, for gradual depletions and
controls. Subsets of gradually depleted animals were used for SNr recordings after each

injection with a buffer period of 5 days following their last injection before behavior and
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recordings were performed. Bilaterally depleted animals were used for experiments 4-5 days
following the last given injection, whereas unilaterally depleted animals were used for

experiments 4-7 weeks following 6-OHDA injection.

3.2.2 Stereotaxic a-synuclein injection

Animals undergoing the gradual PFF a-Syn paradigm underwent the same surgical preparation
described above and received 1.5 pL injections of 4 pug/uL recombinant mouse a-synuclein pre-
formed fibrils bilaterally into the striatum (AP: +0.5, ML: +/-, DV: -2.6 mm). Injections were
performed as described above with an adjusted pump speed of 1.5uL/7 min. PFF a-Syn animals

were recorded from 2-6 months after injection.

3.2.3 Implantation of head-fixation system

Following dopamine depletion protocol, animals underwent surgery to prepare them for head-
fixed in vivo physiology. Mice underwent anesthesia as described above and bilateral
craniotomies were created over the SNr (-2.4 to -3.6 mm anterior, 0.9 to 2.1 mm lateral to
bregma). Animals were then implanted with a copper head-bar fixed to the anterior portion of the
skull (approximately at bregma) using a combination of superglue and dental cement. Dental
cement was extended from the head-bar to surround the extent of both craniotomies to form a
well. This well was then filled with silicone elastomer (Kwik-sil, WPI) that prevented infection
and damage to the exposed brain tissue. During the recording, this well was filled with 0.9%

NaCl and used as a ground reference.
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3.2.4 Head-fixation training and recording

Mice were clamped into place above a running wheel and allowed to run freely for 60 min the
day prior to recording. Movement was tracked for the entirety of the recording using an inverted
optical computer mouse and custom MATLAB script. Craniotomies were cleaned in preparation

for recordings the following day and the silicone elastomer was replaced.

3.2.5 Behavioral assessment

Prior to in vivo electrophysiological recordings, animals were exposed to the following
sequential behavioral tests: open field, rearing, pole task, and wire hang. The minimum interval
between two consecutive procedures was 30 min. Mice were habituated to the testing room for
20 minutes before testing.

Open Field: To determine overall spontaneous mobility, mice were placed in the center of a
1,600 cm? clear square open field chamber with video monitoring from above. Mice were in the
arena for a total of 20 m, with 10 m for acclimation to the arena, and 10 m for data acquisition.
Positions of nose, tail, and center of mass of each mouse were tracked using EthoVision 9.0
software (Noldus). Distance traveled and average velocities for the 10 m data acquisition period
were calculated using EthoVision 9.0. The arena was cleaned with 50% ethanol in between
animals.

Rearing: To assess spontaneous vertical activity, mice were placed in a standard 1000 mL glass

beaker with video monitoring from the side for a total of 10 min. The number of full extension
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rears was manually scored post-hoc by observers blind to treatment. The beaker was cleaned
with 50% ethanol between each animal.

Pole Task: To evaluate coordination and bradykinesia, mice were placed head-upward at the top
of a vertical gauze-wrapped circular wooden pole (diameter = 1 cm; height = 55 cm) placed
inside a clean home cage with video monitoring from the side. To encourage descent, a 60-watt
lamp was aimed at the top of the pole. Mice were given a total of 6 trials, the first 3 for training,
the last 3 for testing. The latency to turn downward (turn down latency = TDL), time from
orientation downward until all four paws reached the ground (traverse), and the total time spent
on the pole (total) was recorded with a maximum duration of 120 s each for TDL and traverse
time. All measurements were manually scored offline by observers blind to treatment. Even if
the mouse fell part way into its descent, the behavior was scored until it reached the ground.
When the mouse was unable to turn downward and/or instead dropped from the pole, TDL and
traverse latencies were recorded as 120 s (default value) because of the severity of motor
dysfunction.

Wire Hang: Mice were placed on the top of a standard wire cage lid. The lid was slightly shaken
to cause animals to grip the wires and then the lid was turned upside down and suspended ~50
cm above a standard animal cage with fresh bedding. The latency of mice to fall off the wire
hang was measured up to 15 min, and average values were computed from two trials (15 min

apart). Trials were stopped if the mouse remained on the lid after 15 min.
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3.2.6 Invivo SNr recordings

On the day of recording, animals were fixed to the top of the wheel and allowed 15 min to
acclimate to the head-fixed position. The silicone elastomer was removed and the craniotomies
were cleaned. A linear 16-channel silicon probe with sites spaced 50 um apart (Neuronexus) pre-
coated with Dil stain (ThermoFisher) was attached to the micromanipulator and centered on
lambda. The probe was slowly advanced (5-7 um/s) until the top of the SNr (~4.2 um from the
top of the brain) was found. SNr activity was distinguished based on a combination of
physiological features: presence of putative dopamine neurons, presence of putative GABAergic
neurons, and lack of spindle-like activity (thalamic). Post-mortem tissue analysis for craniotomy
placements as well as Dil stain surrounding the probe tract were further evidence of proper
targeting. Additionally, tissue from a subset of animals was stained for Iba-1 positive activated
microglia (Wako) that allowed us to visualize the entire recording track within the SNr. Once a
population of SNr units was identified, 5-10 min of activity was recorded following a 5 min

waiting period to ensure stability of the identified units.

3.2.7 Electrophysiology analysis

Data was filtered at 150-8000 Hz for spiking activity and 0.7-300 Hz for local field potentials

(LFP). Spike detection was completed using the Plexon offline sorter where principal component

analysis was used to delineate single and multi-units. To be classified as a single unit, the

following criteria will be utilized: (a) PCA clusters are significantly different (p < 0.05); (b) J3-
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statistic is greater than 1; (c) percent of ISI violations (< 1 ms) is less than 0.7%; (d) Davies
Bouldin test statistic is less than 0.5.

Following spike-sorting, data was processed with NeuroExplorer software in addition to
custom scripts in MATLAB. Rest period analysis: Periods of rest were analyzed to quantify
firing rates (FR) and coefficient of variation of the interspike intervals (CVisi) (Fig. A1A). Burst
analysis: Using the Poisson Surprise method (surprise = 5; at least 4 spikes in a burst), bursts
were identified in single-unit SNr activity (Fig. A1B). ‘Bursty units’ were defined as units with
>1% of total spikes occurring within a burst but less than 1 median absolute deviation above the
median (1-3.92%), while ‘highly bursty’ units were defined as units with > 1 median absolute

deviation above the median of all recorded units (>3.92%).

3.2.8 Synchrony analysis

We modified traditional cross-correlation analysis to correct for nonstationarities within a unit’s
firing pattern and to allow for direct comparisons across pairs of units regardless of their firing
rates. We performed cross-correlation with a bin size of 10 milliseconds over 12-second-long
windows with 4-seconds of overlap, excluding any window in which we detected movement on
the running wheel. In each window, we zeroed the first and last 4 seconds of the 2™ train and
only calculated out to a maximum lag of 4 seconds, thereby ensuring that each window would
have a constant level of zero-padding across all calculated lags. This ensured a consistent level of
baseline synchrony at long lags, which we used to normalize the cross-correlogram - specifically,
we divided each window’s cross-correlogram by the mean correlation value from 0.5 to 4

seconds on both sides. These normalized windows were each averaged together to achieve the
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final, normalized cross-correlation, whose values represent the proportion of synchronous spikes
relative to the local chance level of synchrony (chance = 1). We calculated a 99% confidence
interval from 0.5 to 4 seconds on both sides of the normalized cross-correlation and called a pair
‘synchronous’ if its normalized cross-correlation at zero lag exceeded this confidence interval
(Fig. A1B). To calculate the fraction of synchronous pairs at each stage of dopamine loss, we
required that at least 2 units be recorded simultaneously, and the minimum number of
simultaneously recorded pairs from an animal had to exceed 4. For the purposes of looking at the
relationship between recorded physiological parameters, we assigned each single-unit a
‘synchrony peak’ value that is equal to the average of cross-correlogram peak values across all

pairwise comparisons for that unit (see Fig. 3.2 C,E,F).

3.2.9 Immunohistochemistry

Degree of dopamine denervation was assessed with tyrosine hydroxylase staining in all animals,
in vivo probe track was assessed with Iba-1 activated microglia staining, and plaque pathology in
PFF a-syn was assessed with phosphor-S129-a-synuclein staining. Shortly after
electrophysiological recordings, animals were sacrificed and perfused transcardially with
phosphate-buffered saline (PBS), followed by 4% paraformaldehyde (PFA) in PBS. Brains were
retrieved and post-fixed in 4% PFA for 24 h before being rinsed with PBS, transferred to 30%
sucrose in PBS, and stored at 4°C for at least 24 h prior to sectioning. Immunohistochemistry
was carried out in free-floating coronal frozen sections (30 um). Tissue was sectioned using a
freezing microtome (Microm HM 430; Thermo Scientific), blocked with 10% normal donkey

serum, and permeabilized with 0.5% Triton X-100 for 1 h. Primary antibody incubations were
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performed at room temperature for 24 h using rabbit anti-TH (1:500; Pel-Freez), rabbit anti-
phospho-S129-a-synuclein [EP1536Y] (1:100; AbCam), or rabbit anti-lba-1 (1:1000, Wako).
Primary antibodies were detected with Alexa Fluor 647-conjugated donkey anti-rabbit (1:500,
Vector Laboratories), incubated for 90 min at room temperature, or Alexa Fluor 488 donkey anti-

rabbit (1:500, Vector Laboratories), incubated for 3 hours at room temperature.

3.2.10 Fluorescence quantification

Epifluorescent images (10x magnification) from TH staining were taken from bilateral dorsal
striatum in one coronal section between 0.62mm and 1.10 mm Bregma (according to Paxinos
second edition Mouse Brain in Stereotaxic Coordinates). Pixel intensity over a 75 x 75 um area
(5625 um?) from each hemisphere was measured using the pixel intensity measuring tool in
ImageJ and normalized to the pixel intensities measured in saline control mice processed and

imaged in parallel.

3.2.11 Statistical analysis

All data sets were tested for normality with the Shapiro-Wilk test and equal variance with
Levene’s test prior to any statistical analysis. Data are expressed as median = median absolute
deviation (MAD) unless otherwise indicated. N values reported in text are formatted as follows:
n =# of neurons/# of animals. Statistical analysis regarding firing rate and CV\si was performed
using Kruskal-Wallis analysis of variance (ANOVA) nonparametric test (KW) and any

differences were further investigated by Kruskal-Wallis pairwise comparison between condition
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of interest and saline controls with a Bonferroni correction for number of comparisons. Statistical
analysis regarding proportion of bursting units across conditions was performed using a Pearson
Chi-Square Test (Pearson) and any further differences were investigated by z-test comparison of
column proportions (z-test) between condition of interest and saline controls with a Bonferroni
correction for number of comparisons. Statistical analysis regarding the average percentage of
synchronous pairs was performed using a one-way ANOVA followed by a Dunnett t (2-sided)
post hoc test with the exception of the asymmetric condition which was not normally distributed,
thus we ran a KW test as described above. Results of initial statistical tests can be found in the
figure legends, whereas any post-hoc testing is reported in results text where appropriate. A p-
value of 0.05 was considered statistically significant. All statistical procedures were performed

using IBM SPSS Statistics, version 24.

3.2.12 Principal component analysis

Physiology: We performed centered, standardized PCA on single unit firing rate, CVisi, % spikes
in bursts, and % synchronous pairs (pca( ), MATLAB 2016a). Coefficients were corrected for
orthonormality. For consistency, we applied a sign convention so that positive and negative PC
scores roughly corresponded to Control and Depleted physiology states, respectively. Next,
single unit physiological PC scores were averaged within mice for each component. Finally, we
fit a polynomial model to mouse PC scores as a function of dopamine (see: Linear Modeling).
The best fit for PC1 was typically a 3™ degree polynomial, and the best fit for PC2 was typically
a 1% degree polynomial. All units in each mouse (or hemisphere, in unilateral mice) were

assigned the same % synchronous pairs value in this analysis. Skewed data (CVsi , bursts,
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synchrony) were log-transformed prior to PCA (log10( ), MATLAB). PCA was performed
separately in Fig. 3.3 and Fig. 3.5 to capture the respective axes of variation in each. PCA was
run jointly on all animal models in Fig. 3.7, and also included all pair-wise multiplicative
interactions of the original 4 physiological measurements as inputs.

Behavior: We performed centered, standardized PCA on mouse open field velocity, # of
rears in 10 minutes, total time on pole task and wire hang latency (pca( ), MATLAB 2016a).
Coefficients were corrected for orthonormality. For consistency, we applied a sign convention so
that positive and negative PC scores roughly corresponded to hyperactive and hypoactive states,
respectively. Next, we fit a polynomial model to mouse behavioral PC scores as a function of
dopamine (see: Linear Modeling). The best fit for behavior PC1 was typically a 2" degree
polynomial. Behavioral data were log-transformed prior to PCA to correct for skew (log10( ),
MATLAB).

“Normalized scores”: To aid visual comparison of behavior and physiology PCA, we z-scored
physiology and behavior PC scores and then fit a polynomial model as described above. We
zeroed these fits to the Ctl fit value (Figs. 3.4E, 3.61,J). In Fig. 3.70 & P, mean unilateral scores

were zeroed to the bilateral Ctl fit value.

3.2.13 Linear Models

Polynomial fits were performed in MATLAB 2016a using linear least-squares regression (fit( )).

95% confidence intervals represent non-simultaneous bounds of the model fit. Models were

selected on the basis of adjusted R? values (reported in figures).
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3.2.14 Linear Classifier

To predict depletion state from single unit physiological features, we first fit a cross-validated
multinomial regression (mnrfit(), MATLAB 2016a). The model was trained to predict depletion
state from firing rate, bursting, irregularity, synchrony and all pair-wise multiplicative
interactions of these parameters. We used a jackknife procedure for cross-validation: in each
iteration, a different mouse was held out and the model was fit with the single unit data from all
remaining mice. During this procedure, we controlled for bias in the number of units and mice
used in the training set by resampling the number of single units to match the median number of
single units per mouse and resampling the training set of mice to maintain equal numbers
between classes (n = 500 permutations). This allowed us to measure true performance against
chance performance (100 * 1 / n classes). To predict the held-out mouse's depletion state, we
used the held-out single units as inputs to the fitted model and then summed the depletion state
probabilities predicted from each single unit to assign depletion state using a Winner-Take-All
threshold. Chance performance was verified by fitting a null model using scrambled mouse
depletion state on each iteration (plotted as a dashed line on applicable figures). We measured
whether depletion states could be discriminated above chance by performing a paired t-test on

the mean prediction accuracy for each mouse compared to the mean prediction of the null model.
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3.3 RESULTS

3.3.1 SNr pathophysiology at end-stages of dopamine depletion in awake mice

To establish the electrophysiological parameters that define SNr pathophysiology at end-stages
of dopamine loss, we performed in vivo recordings from the SNr of awake, bilaterally depleted
mice (Fig. 3.1A-C). Depletions were induced by infusing 6-hydroxydopamine (6-OHDA) into
the bilateral medial forebrain bundle (MFB), either in a single, high-dose infusion (‘acute’; ~3
days), or through a series of repeated, low-dose infusions, spaced 5 days apart (‘gradual’; 38 +
15 days) (Fig. 3.2A-B). In all mice, depletion severity was quantified using tyrosine hydroxylase
(TH) immunoreactivity in the striatum, a metric that is well correlated with tissue dopamine
levels (Willard et al., 2015). Mice were considered to be at ‘end-stage’ when striatal TH levels
were <20% that of littermate controls on both sides: Acute (‘A5%’): 4.1 £ 2.6%; Gradual
(‘G5%): 3.7 + 4.4%; t-test, p = 0.847.

At end-stages of dopamine depletion, SNr physiology in both acutely and gradually
depleted mice differed markedly from that of dopamine-intact controls (Fig. Al). SNr firing rates
were significantly lower in dopamine depleted mice (Median £ MAD: Ctl: 35 + 11 Hz, n = 262
neurons/7 animals; A5%: 25 + 11 Hz, n = 245 neurons/7 animals; G5%: 26 + 11 Hz, n = 293
neurons/9 animals) (KW pairwise, Ctl vs. A5%, G5%, p < 0.0001) (Fig. 3.1D and Fig. A1A).

Firing patterns of SNr neurons were also significantly altered by dopamine loss. The
tonic firing of SNr neurons became more irregular, quantified as a significant increase in the
coefficient of variation of the interspike interval (CV\si) (Median £ MAD: Ctl: 0.54 £ 0.13;

A5%: 0.76 + 0.24; G5%: 0.68 + 0.16, KW pairwise, Ctl vs. A5%, G5%, p < 0.0001) (Fig. 3.1E
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and Fig. A1A). We also found that burst firing became more prevalent in dopamine depleted
mice, quantified using the Poisson Surprise method (Soares et al., 2004) (see Methods, Fig. 3.1F
and Fig. A1B). Based on the percentage of spikes falling within a burst, SNr neurons could be
subdivided into three categories: (1) ‘not bursty’, where < 1% of spikes were in a burst; (2)
‘bursty’ where 1-3.9% (< median + MAD) of spikes were in a burst; or ‘highly bursty’ where >
3.9% (> median + MAD) of spikes were in a burst. As shown in Fig. 3.1F, the fraction of SNr
neurons with 'highly bursty' activity was significantly increased in depleted mice compared to
controls: (Ctl: 17.5% (46/262 neurons across 7 animals); A5%: 48.2% (118/245 across 7
animals); G5%: 43.0% (126/293 across 9 animals) (z-test, Ctl vs. A5%, G5%, p < 0.001).

To assess physiological changes at the population level, we first inspected the spectral
power of local field potentials (LFPs). Increased spectral power in the beta frequency range (13-
30 Hz, B—oscillations) is seen in human patients and has been described in a number of animal
models of PD. However, in mouse SNr, we saw no evidence of elevated p—oscillations under
dopamine depleted conditions in either acutely or gradually depleted mice (Fig. 3.1G), nor in
subsequent recordings from unilaterally depleted mice, 4 weeks after depletion (data not shown).
These findings are consistent with results of Lobb and Jaeger (2015), who also reported no
increase in B—oscillations from awake mouse SNr. These results suggest that elevated
—oscillations are not a robust feature of SNr pathophysiology in mice.

To examine more directly whether spiking synchrony is affected by dopamine depletion,
we computed cross-correlations between pairs of neurons. In brief, we calculated the cross-
correlation of pairs of spike trains over short time windows and normalized each window to
account for nonstationarities in neuronal firing rates over a recording session. We then calculated

a 99% confidence interval for each pair. A pair was termed “synchronous” if its correlation at
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zero lag exceeded this confidence interval (see Methods, Fig. 3.1H and Fig. A1B). We found
that the average percentage of synchronous pairs was 8.6 + 7.8% (n = 7 animals) in control mice
but increased to 30.6 + 11.4% (n = 7 animals) and 28.0 = 22.6% (n = 9 animals) in acutely and
gradually depleted mice, respectively (Dunnett, Ctl vs. A5%, G5%, p < 0.05) (Fig. 3.1H).

Taken together, our results confirm the presence of multiple physiological changes in
SNr neurons under dopamine depleted conditions. Although none of the parameters examined
individually could reliably distinguish between gradually and acutely depleted mice, it is
possible that simultaneous changes in multiple parameters distinguish the two conditions. To test
this possibility, we trained a classifier to discriminate 'acute' from 'gradual’ depleted mice using
the pathophysiological metrics described above (Fig. 3.11, and see Methods). The classifier was
unable to discriminate these conditions above chance levels (58.7% + 26% Clos, paired t-test, p =
0.25) (Fig. 3.1J). By contrast, retraining the same model to discriminate end-stage mice from
control mice resulted in classification well above chance (81.8% + 15.3% Clos, paired t-test, p =
0.0002) (Fig. 3.1K). Examination of the model coefficients show that successful discrimination
largely depended on the pathophysiological changes described above, as well as increased
interactions between FR and spike patterns (Fig. 3.1L). These results suggest that stereotyped
changes in SNr physiology occur at end-stages of dopamine loss, regardless of whether

dopamine is depleted slowly over a month, or acutely, over days.
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Figure 3.1. 6-OHDA-induced acute bilateral dopamine depletions result in similar SNr
pathophysiology as gradual bilateral dopamine depletions. (A) Schematic of in vivo recording setup
depicting head-restrained mouse on top of a freely moving wheel with a sensor to record wheel movement
and a linear silicone probe to record SNr units. (B) Example sagittal image showing immunoreactive Iba-
1-positive activated microglia surrounding the recording track within the SNr. Scale Bar = 100 um. (C)
Representative example 1 s raw traces from control (Ctl), end-stage acute (A5%), and end-stage gradual
conditions (G5%). (D) Box plot of firing rates of all single units recorded in each condition. Grey squares
indicate animal medians. KW, »?(2) = 40.463, p < 0.0001, pairwise, ** p < 0.005 from Ctl. (E) Box plot
of CVg of all single units recorded in each condition. Grey squares indicate animal medians. KW, x%(2)
= 101.830, p < 0.0001, pairwise, ** p < 0.005, # p < 0.005 from G5%. (F) Proportion of ‘not bursty,’
‘bursty,” and ‘highly bursty’ units in each condition. Pearson, y%(4) = 80.591, p < 0.0001, z-test, ** p <
0.005 from Ctl. (G) Representative example LFP spectrograms from Ctl, A5%, and G5% with box
highlighting O frequency range (13-30 Hz). (H) Example cross-correlogram of a synchronous pair of
simultaneously recorded SNr units. Horizontal dotted line is 99% confidence interval used as threshold
for determining if a pair was synchronous (left). Average proportion of synchronous pairs in each
condition; grey squares indicate animal proportions. ANOVA, F(2) = 3.992, p = 0.035, Dunnett, * p <
0.05 from Ctl (right). (I) Schematic of cross-validated logistic regression trained to discriminate A5%
from G5% animals using single unit spiking properties and pair-wise spike property interactions (INTS)
(see: Methods) . (J) Mean cross-validated accuracy of predicting the model that led to end-stage in each
mouse (x Clgs). Paired t-test, p = 0.207, from permuted data n= 13 mice. Grey squares indicate mean
prediction for each mouse. (K) Same as J but predicting A5% and G5% combined (5%) vs Ctl. Paired t-
test, p < 0.0001, from permuted data, n= 20 mice. (L) Model coefficients from K that allow 5% to be
discriminated Ctl. * p < 0.05, ** p < 0.01, ** p < 0.001
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3.3.2 Increased irregularity in firing pattern correlates with increased bursting activity

To assess how the physiological parameters we are measuring influence each other, we plotted
each single-unit physiological parameter against one other in the Ctl, A5%, and G5% condition.
There was a moderate statistically significant negative correlation between firing rate and CVsi
across all three conditions, where neurons that had low firing rates were more likely to have a
more irregular firing pattern (Ctl: r = -0.33, R2=0.11, p < 0.00001; A5%: r = -0.40, R? = 0.16, p
< 0.00001; G5%: r =-0.38, R? = 0.15, p < 0.00001) (Fig. 3.2A). There was a similar correlation
between firing rate and the percentage of spikes in burst across all three conditions (Ctl: r = -
0.40, R?=0.16, p < 0.00001; A5%: r =-0.33, R2=0.11, p < 0.00001; G5%: r =-0.29, R? = 0.08,
p < 0.00001) (Fig. 3.2B). Additionally, we observed a small but statistically significant positive
correlation between firing rate and synchrony in gradually depleted animals that was not seen in
control or acutely depleted animals (Ctl: r = 0.09, R? = 0.008, p = 0.156; A5%: r =0.012, R? =
0.0002, p = 0.847; G5%: r = 0.23, R = 0.05, p = 0.00007) (Fig. 3.2C).

Given the similar correlations between firing rate and CV\si and firing rate and burst
activity, we also analyzed at the relationship between CVisi and the percentage of spikes in
bursts. Approximately 55% of the total variation in CVisi can be explained by the linear
relationship between CVisi and bursting activity (Ctl: r = 0.76, R> = 0.58, p < 0.00001; A5%: r =
0.68, R? = 0.46, p < 0.00001; G5%: r = 0.79, R? = 0.63, p < 0.00001) (Fig. 3.2D).

Based on observations that bouts of synchrony appeared to coincide with periods of
irregular and/or burst firing, we additionally analyzed the relationship between these parameters
(Fig. A1B). Since synchrony was measured between pairs, we created a ‘synchrony peak’ value

for each unit that was equal to the average of cross-correlogram peak values across all pairwise
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comparisons for that unit (see Methods). There was a small but statistically significant positive
correlation between CVisi and synchrony in acutely depleted animals that was not seen in control
or gradually depleted animals (Ctl: r = 0.07, R>=0.005, p = 0.262; A5%: r = 0.19, R2 = 0.04, p =
0.003; G5%: r = -0.06, R? = 0.004, p = 0.290) (Fig. 3.2E). We found no significant correlations
between burst activity and synchrony (Ctl: r = 0.10, R? = 0.01, p = 0.09; A5%: r = 0.09, R? =
0.008, p = 0.168; G5%: r = -0.07, R? = 0.005, p = 0.219) (Fig. 3.2F). Taken together, these
results suggest that measures of irregularity in firing pattern and burst activity are highly
correlated with one another and this relationship is consistent across control and 6-OHDA-

induced bilateral dopamine depleted animals.
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3.3.3 SNr pathophysiology proceeds in two phases during gradual dopamine depletion

To determine how SNr pathophysiology develops over the course of gradual dopamine loss, we
performed in vivo recordings from mice at various stages of depletion (Fig. 3.3A). Because
precise quantification of depletion stage required postmortem analysis, data at each depletion
stage are from different groups of mice (TH immunoreactivity relative to control): ‘G85%’ = 86
+ 9%; ‘G60%’° =61 £+ 12%; ‘G30%’ = 28 + 18%; ‘G5%’ = 3.7 + 4.4%.

Even at early stages of dopamine depletion, SNr physiology was altered relative to
control. The most sensitive parameter was firing rate, which was significantly reduced at the
first depletion stage examined (Median + MAD: Ctl: 35 £ 11 Hz, n = 262 neurons/7 animals;
G85%: 26 + 12 Hz, n = 272 neurons/5 animals; G60%: 27 + 14 Hz, n = 318 neurons/7 animals;
G30%: 30 £ 10 Hz, n = 318 neurons/8 animals; G5%: 26 = 11 Hz, n = 293 neurons/9 animals)
(KW pairwise, Ctl vs. G85%, G60%, G30%, G5%, p < 0.001) (Fig. 3.3C).

A small change in firing pattern was apparent at the first depletion stage but increased in
severity slightly later in the depletion process. A modest increase in firing irregularity (CVisi)
first emerged in mice with ~85% dopamine remaining (Median £ MAD: Ctl: 0.54 + 0.13; G85%:
0.59 + 0.15; G60%: 0.65 + 0.20; G30%: 0.71 £ 0.22; G5%: 0.68 £ 0.16) (KW pairwise, Ctl vs.
G85%, G60%, G30%, G5%, p < 0.005) and increased in severity in mice with <30% dopamine
remaining (KW pairwise, G85% vs. G30%, G5%, p < 0.01) (Fig. 3.3D). A similar pattern was
seen for burst firing. The proportion of ‘highly bursty’ neurons was relatively unchanged at
early stages of depletion, but increased at later stages (Ctl: 17.5% (46/262 across 7 animals);

G85%: 26.5% (72/272 across 5 animals); G60%: 34.9% (111/318 across 7 animals); G30%:
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37.1% (118/318 across 8 animals); G5%: 43.0% (126/293 across 9 animals)) (z-test, Ctl vs.
G60%, G30%, G5%, p < 0.001) (Fig. 3.3E).

Spike synchrony at each stage of depletion was calculated as described in Fig. 3.1. The
fraction of pairs firing synchronously in each animal tended to increase at intermediate stages of
depletion, but did not reach statistical significance until end-stage (Ctl: 8.6 £ 7.8% n = 7 animals;
G85%: 18 + 14% n = 5 animals; G60%: 7.3 + 7.3% n = 7 animals; G30%: 15+ 11% n=8
animals; G5%: 28 *23% n = 9 animals) (Dunnett, Ctl vs. G5%, p = 0.04) (Fig. 3.3F). We found
no significant change in the fraction of 3 power at any stage of depletion (data not shown).

To determine whether capturing changes across all of these parameters simultaneously
would reveal different physiological states over the course of depletion, we performed principal
component (PC) analysis on these physiological parameters (see Methods). Physiology PC1
explained 52.6% of neural variability. This component primarily captured variation in firing rate,
irregularity, and bursting (Fig. 3.3G). To visualize the trajectory of this component over the full
spectrum of dopamine depletion, we plotted each mouse’s physiology PC1 score as a function of
its striatal TH level (Fig. 3.31). We observed that the physiological transition from the control to
the fully depleted state followed a biphasic progression (Fig. 3.31). The first transition occurred
early in the depletion process, reflecting an acute sensitivity of SNr physiology to even small
changes in dopamine levels. After this initial drop, physiology PC1 remained relatively stable
across subsequent depletion stages, but underwent a second sharp drop as mice reached the end-
stage of depletion. At end-stage, the physiology PC1 score calculated from acutely depleted
mice overlapped almost identically with that calculated from gradually depleted mice (Fig. 3.3I,

triangle).
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Changes in neural synchrony were best captured by physiology PC2, which explained
25.6% of neural variability (Fig. 3.3H). Unlike physiology PC1, PC2 showed little relationship
with dopamine (adjusted R? = 0.019), with a weak monotonic trend of decreasing as a function of
dopamine loss (Fig. 3.3J). Nonetheless, acutely depleted mice showed a similar decrease in

physiology PC2 scores (higher synchrony) at end-stage (Fig. 3.3J, triangle).
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Figure 3.3. 6-OHDA-induced bilateral gradual dopamine depletion causes early reduction of firing rate
followed by increases in irregularity and bursts within the SNr. (A) Schematic of coronal section of mouse
brain showing representative images of TH immunoreactivity (TH-IR) in the dorsal striatum of mice treated with
saline or multiple bilateral injections of 6-OHDA (3x0.75 pg or 6x0.75 pg). Scale Bar = 100 um. (B) Scatter plot
showing the quantification of percent TH remaining, relative to saline controls, and time between initial surgery
and in vivo recording across the bilateral gradual and acute 6-OHDA models. (C) Box plot of firing rates of all
single units recorded in each condition. Grey squares indicate animal medians. KW, y?(4) = 41.846, p < 0.0001,
pairwise, ** p < 0.005 from Ctl. (D) Box plot of CV,g of all single units recorded in each condition. Grey squares
indicate animal medians. KW, »?(4) = 72.039, p < 0.0001, pairwise, ** p < 0.005 from Ctl. (E) Proportion of ‘not
bursty,” ‘bursty,” and ‘highly bursty’ units in each condition. Pearson, y*(8) = 78.856, p < 0.0001, z-test, * p <
0.05 and ** p < 0.005 from Ctl. (F) Average proportion of synchronous pairs in each condition, grey squares
indicate animal proportions ANOVA, F(4) = 2.753, p = 0.045, Dunnett, * p < 0.05 from Ctl. (G) 1% principal
component coefficients (‘Coeff”) from PCA performed on Ctl, Gradual and Acute single unit physiology: FR,
firing rate; IR, irregularity; B, bursting; SYN, synchrony (see: Methods). (H) Same as G but for 2" principal
component. (I) Mean animal physiology PC1 scores as a function of dopamine loss with model fit to Ctl and
Gradual animals. Shaded region indicates Clgs of fit (see: Methods); Avg + SEM for Ctl and Acute also shown.
(J) Same as I but for mean animal PC2 scores.
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3.3.4 Gradual dopamine depletion with 6-OHDA results in late onset of behavioral

deficits

To investigate the relationship between SNr pathophysiology and symptomatic onset over the
course of gradual dopamine depletion, mice were given a battery of behavioral tests one day
prior to in vivo recordings. Behavioral performance on individual tasks followed a variety of
trends in relation to dopamine loss (Fig. 3.4). Early dopamine loss often resulted in hyperactivity
relative to control mice, followed by hypoactivity e depletion stages, as observed in open field
velocity (Fig. 3.4A). Velocity and total time taken to complete the pole task were preserved until
late stages of dopamine loss, while rearing performance initially increased relative to control
animals during early dopamine loss, then preceded to monotonically decrease as a function of
decreasing dopamine levels (Fig. 3.4B). Finally, wire hang was the most sensitive test, showing a
high degree of variability in performance at early stages of dopamine loss that sharply declined
at around 50% dopamine loss (Fig. 3.4B).

To summarize these behavioral changes, we used PCA to identify the best single axis of
behavioral change across animals and fit a model to the scores from control and gradually
depleted mice (Fig. 3.4C, see Methods). Behavioral scores were robust to dopamine loss until
levels dropped below 30%, at which point behavioral performance declined rapidly (Fig. 3.4D).
This is similar to the pattern of symptomatic onset observed in human PD patients (Bernheimer
et al., 1973; Betarbet et al., 2002; Deumens et al., 2002; Fahn, 2003; Riederer and Wuketich,
1976).

By comparison to Ctl values, this behavioral analysis establishes ‘prodromal’ and

'symptomatic’ stages of gradual dopamine depletion. We next asked whether changes in SNr
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physiology were correlated with changes in behavior. As shown in Fig. 3.4E, early physiological
changes related to firing rate/irregularity/bursting (PC1) were negatively correlated with
behavior throughout the prodromal period, but became positively correlated at the transition
from the prodromal to symptomatic stage, at ~30% dopamine remaining. At the same time, firing
synchrony (physiological PC2) continued to decline (Fig. 3.4E). Thus, distinct prodromal and

end stage behavioral phenotypes are reflected in distinct physiological states in the SNr.
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Figure 3.4. 6-OHDA-induced bilateral gradual dopamine depletion results in late stage onset of motor
deficits. (A) Example raw open field movement traces from a Ctl, G60%, G5% mouse for a 5 minute period. (B)
Scatter plots showing mean mouse open field velocity, rearing, pole task, and wire hang behavior vs. percent TH
remaining across the bilateral gradual 6-OHDA model. Avg = SEM for Ctl and Acute also shown. Fits performed
on Ctl and Gradual data. (C) 1% principal component coefficients for behavioral metrics. V, velocity; R, rearing;
PT, pole task; WH, wire hang. (D) Mean animal behavior PC1 scores as a function of dopamine loss with model
fit to Ctl and Gradual animals. Shaded region indicates Clgs of fit (see: Methods). Avg + SEM for Ctl and Acute
also shown. (E) Normalized behavioral PC fit from D overlaid with physiology PC fits (replotted from Fig. 3.31,J)
(see: Methods).
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3.3.5 PFF a-synuclein drives gradual dopamine loss and behavioral changes that mirror

the prodromal stage of 6-OHDA-treated mice

Our results in 6-OHDA treated mice reveal a hierarchical progression of SNr pathophysiology
over the course of gradual dopamine depletion. While most physiological deficits emerged well
before the onset of motor symptoms, dimensionality reduction exposed distinct physiological
states for the prodromal and symptomatic stages. To determine whether the onset and
progression of SNr pathophysiology is robust across depletion models, we transitioned from a
toxin model to a neurodegenerative model.

The protein a-synuclein plays a central role in the pathogenesis of PD and is a major
component of Lewy bodies in PD. A misfolded, fibrillar form of a-syn has been shown to
propagate throughout the brain via cell-to-cell transmission and drive neurodegeneration of SNc
dopamine neurons and the formation of Lewy body-like inclusions (Luk et al., 2012; Mao et al.,
2016; Volpicelli-Daley et al., 2014). Striatal inoculation with preformed fibrils of a-syn (PFF -
syn) resulted in progressive dopamine loss and the formation of Lewy body-like inclusions in a
number of brain areas (Fig. 3.5A-B). Postmortem analysis of TH immunoreactivity in the
striatum was used to group mice into discrete depletion categories (TH immunoreactivity relative
to control): ‘Syn85%°’ = 85 + 10%; ‘Syn60%’ = 60 £+ 11%; ‘Syn30%’ = 30 £ 5%. Even after 6
months, striatal TH levels did not drop below 30%, a depletion severity sufficient to impair
performance on the wire hang task, but not open field locomotion, consistent with previous
results (Luk et al., 2012).

Behavioral scores were calculated for each mouse from their performance on a battery of

behavioral tasks (Fig. 3.5C) and plotted as a function of depletion stage (Fig. 3.5D-E). Although
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PFF a-syn mice did not reach end-stage depletion levels and therefore did not transition into the
symptomatic stage, their behavioral scores were similar to that of 6-OHDA-treated mice at
similar stages of depletion, including slight elevations at intermediate stages of depletion, driven

by hyperactivity in the open field, more rearing, and decreased time on the pole task (Fig. 3.5C).
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Figure 3.5. PFF a-Syn-induced bilateral gradual dopamine depletion leads to hyperactivity and fails to
reach end stage motor impairments. (A) Representative images of a.-syn inclusions present in the cortex (Ctx),
striatum (Str), and substantia nigra pars compacta (SNc). Scale Bars = 100 um (top), 200 um (bottom). (B) Scatter
plot showing the quantification of TH remaining, relative to saline controls, and time between initial surgery and
in vivo recording across the PFF a-Syn model. (C) Scatter plots showing mean open field velocity, rearing, pole
task, and wire hang behavior vs. percent TH remaining in PFF o-Syn-induced bilateral depletion animals. Fits
performed on Ctl and PFF a-Syn data with Gradual fits from Fig. 3.4C replotted for comparison. Avg + SEM for
Ctl also shown. (D) 1% principal component coefficients for behavioral metrics. V, velocity; R, rearing; PT, pole
task; WH, wire hang. (E) Mean animal behavior PC1 scores as a function of dopamine loss with model fit to Ctl
and o.-Syn animals. Shaded region indicates Clgs of fit.
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3.3.6  SNr pathophysiology progresses similarly in PFF a-syn mice and 6-OHDA-treated

mice

The onset and severity of SNr pathophysiology in PFF a-syn mice was strikingly similar to that
seen in 6-OHDA-treated mice. SNr firing rates were significantly reduced even at the earliest
stage of depletion, and this decrease persisted across subsequent stages of depletion (Median *
MAD: Ctl: 35 + 11 Hz, n = 262 neurons/7 animals; Syn85%: 26 + 11 Hz, n = 98 neurons/3
animals; Syn60%: 25 + 9 Hz, n = 155 neurons /4 animals; Syn30%: 25 + 8 Hz, n = 150
neurons/3 animals) (KW pairwise, Ctl vs. Syn85%, Syn60%, Syn30%, p < 0.0001) (Fig. 3.6A).

Changes in firing patterns emerged at later stages of depletion, mirroring the progression
observed in 6-OHDA-treated mice. Increases in firing irregularity (CVisi) emerged in mice with
<60% dopamine remaining (Median £ MAD: Ctl: 0.54 £ 0.13; Syn85%: 0.54 £ 0.10; Syn60%:
0.73 + 0.19; Syn30%: 0.67 % 0.22) (KW pairwise, Ctl, Syn85% vs. Syn60%, Syn30%, p < 0.001)
(Fig. 3.6B). The proportion of ‘highly bursty’ neurons was also significantly increased relative to
control at later stages of depletion, but not at early stages (Ctl: 17.5% (46/262 neurons across 7
animals); Syn85%: 23.5% (23/98 neurons across 3 animals); Syn60%: 31.0% (48/155 neurons
across 4 animals); Syn30%: 34.7% (52/150 neurons across 3 animals) (z-test, Ctl vs. Syn60%,
Syn30%, p < 0.05). The proportions of 'bursty’ and 'highly bursty' neurons were similar between
PFF a-syn and 6-OHDA-treated mice (Fig. 3.6C).

At the population level, we saw a trend towards more synchronized spiking, but as was
the case in 6-OHDA-treated mice, this effect never reached statistical significance during the
prodromal period (Ctl: 8.6 + 7.8% n = 7 animals; Syn85%: 10.4 + 2.6% n = 3 animals; Syn60%:

13.7 £11.5 n = 4 animals; Syn30%: 16.2 £ 19.4% n = 3 animals) (ANOVA, F(4) =0.491,p =
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0.742) (Fig. 3.6D). Additionally, there was no increase in  power at any stage of dopamine
depletion (data not shown).

To ask whether SNr pathophysiology, as a whole, progresses along a similar trajectory in
PFF a-Syn mice compared to 6-OHDA-treated mice, we performed PC analysis. In PFF a-Syn
mice, the majority of physiological variability was once again captured by two PCs, with PC1
capturing variations in firing rate, irregularity, and bursting (51.8% variability) (Fig. 3.6E,G) and
PC2 capturing variations in synchrony (25.2% variability, Fig. 3.6F,H). In PFF a-Syn mice,
PC1 showed a monophasic progression, (Fig. 3.6G), presumably due to a lack of end-stage
pathology. As in 6-OHDA-treated mice, the first phase consisted of an initial drop in physiology
PC1 score followed by a slight increase (Fig. 3.61). Interestingly, the initial drop occurred more
gradually in PFF a-Syn mice. The PC2 score (neural synchrony), changed monotonically as a
function of dopamine loss with a similar rate to 6-OHDA, although this fit was not significant
(Fig. 3.6J). These results suggest that the progression of SNr pathophysiology depends more on

the stage of dopamine depletion than the mechanism of depletion.
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Figure 3.6. PFF a-Syn-induced bilateral gradual dopamine depletion causes early reduction of firing rates
followed by increases in irregularity and bursts within the SNr. (A) Box plot of firing rates of all single units
recorded in each condition. Grey squares indicate animal medians. KW, x?(4) = 53.274, p < 0.0001, pairwise, ** p
< 0.005 from Ctl, # p < 0.05 from G30%. (B) Box plot of CVg of all single units recorded in each condition. Grey
squares indicate animal medians. KW, »2(4) = 83.119, p < 0.0001, pairwise, ** p < 0.005 from Ctl and Syn85%.
(C) Proportion of ‘not bursty,” ‘bursty,” and ‘highly bursty’ units in each condition. Pearson, y*(8) = 77.286, p <
0.0001, z-test, * p < 0.05 and ** p < 0.005 from Ctl. (D) Average proportion of synchronous pairs in each condition.
Grey squares indicate animal proportions ANOVA, F(4) =0.491, p = 0.742. (E) 1% principal component coefficients
(‘Coeff”) from PCA performed on Ctl and a.-Syn single unit physiology: FR, firing rate; IR, irregularity; B, bursting;
SYN, synchrony (see: Methods). (F) Same as E but for 2" principal component. (G) Mean animal physiology PC1
scores as a function of dopamine loss with model fit to Ctl and a-Syn animals. Shaded region indicates Clgs of fit
(see: Methods); Avg £ SEM for Ctl also shown. (H) Same as G but for mean animal PC2 scores. (I) Normalized
behavioral and physiological PC1 fits from o-Syn mice (Fig. 3.5E, Fig 3.6G) overlaid with gradual 6-OHDA fits
(replotted from Fig. 3.4E) (See: Methods). (J) Normalized behavioral PC1 and physiological PC2 fits from a-Syn
mice (Fig. 3.5E, Fig 3.6H), overlaid with gradual 6-OHDA (replotted from Fig. 3.4E).
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3.3.7 Unilateral 6-OHDA SNr pathophysiology aligns to prodromal and end-stage

bilateral pathophysiological phases

This far, our study has examined the progression of SNr pathophysiology in bilaterally depleted
mice. However in human PD, dopamine loss often begins asymmetrically (Gelb et al., 1999;
Hoehn and Yahr, 1967; Hughes et al., 1992), and the contralateral hemisphere might play an
important role in compensation. Indeed, most studies of compensation under dopamine depleted
conditions are conducted in unilaterally depleted animals (Chu et al., 2017; Escande et al., 2016;
Fan et al., 2012; Fieblinger et al., 2014; Fuller et al., 2014; Gittis et al., 2011; Taverna et al.,
2008).

To test whether compensatory plasticity from the opposite hemisphere can influence the
nature or severity of pathophysiology in the SNr pathophysiology, we performed experiments in
two additional models: 'unilateral' (Fig. 3.7A-B) and ‘asymmetric' (Fig. 3.7F-G).

'Unilateral’ mice received a single, high dose infusion of 6-OHDA (5 mg/mL) into the
MFB on only one side and SNr pathophysiology was measured 4-7 weeks later (39 + 6 days), to
match the final time point used for bilaterally depleted mice. Depletion severity in the striatum
ipsilateral to 6-OHDA injection was confirmed with TH immunoreactivity (Avg £ SD: 1.6 +
2.6% striatal TH remaining; n = 6 animals) (Fig. 3.7B). Intriguingly, we saw a significant
increase in TH immunoreactivity on the contralateral side (211 + 91%, n =5 animals) (Fig.
3.7B).

Firing rates of SNr neurons in the depleted hemisphere were reduced relative to control
(Median = MAD: Ctl: 35 £ 11 Hz, n = 262 neurons/7 animals; IpsSiuni: 26 £ 9 Hz, n = 136
neurons/ 6 animals, KW pairwise, Ctl vs. Ipsiuni, p <0.0001), and the magnitude of this change
was similar to that seen in bilaterally depleted mice (KW pairwise, IpSiuni vs. G5%, p = 0.842)
(Fig. 3.7C). No firing rate changes were observed in the contralateral, dopamine intact
hemisphere (Median £ MAD: Ctl: 35 £ 11 Hz n = 262 neurons/7animals; Contrauni: 37 £ 14 Hz n
= 94 neurons/5 animals, KW pairwise, Ctl vs. Contrauni, p = 0.712) (Fig. 3.7C). In contrast to
changes in firing rates which were restricted to the dopamine depleted hemisphere, changes in
firing patterns occurred in both hemispheres. Firing irregularity (CVisi) was significantly
elevated in both hemispheres (Median £+ MAD: Ctl: 0.54 + 0.13 n = 262 neurons/ 7 animals;
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Contrauni: 0.72 £ 0.22 n = 94 neurons/5 animals; Ipsiuni: 0.86 + 0.30 n = 136 neurons/6 animals,
KW pairwise, Ctl vs. Ipsiuni, Contrauni, p < 0.0001). On the ipsilateral side, irregularity was more
pronounced than in bilaterally depleted mice (Ipsiuni: 0.86 £ 0.30 n = 136 neurons/6 animals;
G5%: 0.68 £ 0.16 n = 293 neurons/9 animals, KW pairwise, Ipsiuni vs. G5%, p < 0.0001),
whereas on the contralateral side, firing irregularity was similar to that seen in bilaterally
depleted mice (Contrauni: 0.72 £ 0.22 n = 94 neurons/5 animals; G5%: 0.68 £ 0.16 n = 293
neurons/9 animals, KW pairwise, Contrauni vs. G5%, p = 0.979) (Fig. 3.7D). Similar effects were
seen for the fraction of highly bursty units (data not shown). In both hemispheres, we saw a
trend towards more synchronous spiking between pairs of neurons (Ctl: 8.6 £ 7.8% n=7
animals; Contrauni: 14.8 = 13.0% n = 5 animals; Ipsiuni: 21.0 £ 28.2% n = 6 animals), but this
value did not reach significance (Dunnett, Ctl vs. Contrauni, p = 0.930, Ctl vs. IpSiuni , p = 0.567)
(Fig. 3.7E). Finally, there was no increase in fractional 3 power in either hemisphere (data not
shown).

Because the extreme dichotomy of the unilateral model is an exaggeration of the
asymmetry sometimes observed in human PD (Gelb et al., 1999; Hoehn and Yahr, 1967; Hughes
et al., 1992), we also looked at SNr pathophysiology in an ‘asymmetric’ model, in which 6-
OHDA was infused bilaterally but produced asymmetric depletions, in which the difference in
TH levels between the two hemispheres was >20% (Avg + SD = 77 + 40%). On average, TH
immunoreactivity was 11 £ 14% relative to control in the ipsilateral hemisphere (IpSiasym, n =11
animals) and 96 *+ 44% in the contralateral hemisphere (Contraasym, N = 11 animals) (Fig. 3.7F-
G).

In both hemispheres, firing rates of SNr neurons were significantly reduced compared to
control (KW pairwise, Ctl vs. IpSiasym , Contraasym, p < 0.0001), and the magnitude of this effect
was similar to that in bilaterally depleted mice (KW pairwise, Contraasym vs. G5%, p = 0.154,
Ipsiasym Vvs. G5%, p = 0.740) (Fig. 3.7H). Firing irregularity (CVisi) was significantly elevated in
both hemispheres (KW pairwise, Ctl vs. Contraasym, IpSiasym, p < 0.0001) (Fig. 3.71), as well as
the fraction of ‘highly bursty' neurons (data not shown). In the ipsilateral hemisphere, but not the
contralateral hemisphere, we saw a trend towards more synchronous spiking between pairs of
neurons, but this value did not reach statistical significance (KW pairwise, Ctl vs. IpSiasym, p =
0.337) (Fig. 3.7J). Finally, there was no increase in fractional $ power in either hemisphere (data

not shown).
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When considered individually, physiological changes in the SNr at end-stages of
dopamine loss appear to be similar regardless of the depletion strategy used. To test whether this
is the case when all physiological parameters are considered simultaneously, we trained a
multinomial classifier to classify mice into each of four end-stage categories (A5%, G5%, IpSiuni
and Ipsiasym conditions), using single unit physiology and all pair-wise interactions (See:
Methods). The classifier was unable to discriminate end-stage physiology above chance levels
(26.1 £ 6.3 % accuracy, right-tail t-test vs. chance, 25%; p = 0.446; n = 29 mice) (Fig. 3.7K).
Ipsiuni and Ipsiasym mice were confused with each other 37.5% of the time (6 / 16 Ipsi mice), and
as a combined group (Ipsian), could be discriminated from Ctl mice with 71.9 + 6.0 % accuracy
(right-tail t-test vs. chance, 50%; p = 0.0006; n = 29 mice). When combined into a single end-
stage category ('ES"), these groups were well-discriminated from Ctl mice (72.5 = 5.6 % correct;
right-tail t-test vs. chance, 50%; p = 0.00015; n = 36 mice) (Fig. 3.7L).

The results of our classifier suggest that regardless of depletion trajectory, the SNr
transitions to a stereotyped state of severe pathophysiology. Ipsi and Contra physiology aligned
with severe and control states respectively, when we performed PCA on physiology and behavior
on all mice used in the study. Physiology PCA included all single unit spiking properties and
pairwise multiplicative interactions (see: Methods) (Fig. 3.7M-N). PC1 again captured variability
in firing rate, irregularity, and bursting, with the addition of how these parameters interacted
(Fig. 3.7M). PC2 again captured variability in synchrony, but also captured when firing rate co-
varied with synchrony (Fig. 3.7N). Due to their similarity, unilateral and asymmetric mice with
behavior measurements and paired Ipsi and Contra recordings were pooled into Ipsian and
Contraan conditions (n = 7 Contraasym and 7 Ipsiasym paired hemispheres; 5 Contraasym and 5
Ipsiasym paired hemispheres, 12 mice total). As shown in Fig. 3.70, depleted hemispheres showed
significantly lower PC1 scores than intact hemispheres (paired t-test, p = 0.037, n = 12 mice),
and overlapped with PC1 scores from both gradually and acutely depleted mice. Intriguingly,
PC1 scores for the contralateral hemisphere did not overlap with those of control mice, but rather
with PC1 scores from the prodromal phase of PFF a-Syn and 6-OHDA-treated mice (Fig. 3.70).
PC2 scores were not different between depleted and intact hemispheres (paired t-test, p = 0.54, n

= 12 mice).
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Figure 3.7. Unilateral 6-OHDA model pathophysiology aligns to prodromal and end-stage bilateral
pathophysiology. (A) Example coronal sections showing TH-IR in the dorsal striatum of unilaterally depleted
mice. Scale bar, 100 um. (B) Quantification of ipsilateral (‘Ipsi’) and contralateral (‘Contra’) percent TH remaining
relative to saline controls in unilaterally depleted mice. (C) Box plots of single unit firing rates across conditions.
Grey squares indicate animal medians. KW, x%(3) = 5.488, p < 0.0001, pairwise, ** p < 0.005 from Ctl. (D) Box
plots of single unit CV\s across conditions. Grey squares indicate animal medians. KW, »?(3) = 110.685, p < 0.0001,
pairwise, ** p < 0.005 from Ctl, # p < 0.005 from G5%. (E) Average proportion of synchronous pairs in each
condition. Grey squares indicate animal proportions. ANOVA, F(3) = 1.297, p = 0.300. (F-J) Same as A-E but for
asymmetrically depleted mice. Briefly, (F) Example coronal sections showing TH-IR in the dorsal striatum of
asymmetrically depleted mice. Scale bar, 100 um. (G) same as B but for asymmetrically depleted mice. (H) Box
plot of single unit firing rates. Grey squares indicate animal medians. KW, »2(3) = 55.317, p < 0.0001, pairwise, **
p < 0.005 from Ctl. (1) Box plots of single unit CVg across conditions. Grey squares indicate animal medians. KW,
1*(3) = 119.892, p < 0.0001, pairwise, ** p < 0.005 from Ctl, # p < 0.005 from G5%. (J) Average proportion of
synchronous pairs in each condition. Grey squares indicate animal proportions. KW, y*(3) = 8.782, p = 0.032, * p
< 0.05 from Ctl. (K) Average classification performance for G5%, A5%, IpSiuni, IpSiasym mice (‘4-way class’) using
single unit physiology. Right-tail t-test vs. chance (25%), p = 0.446, n = 29 mice. White squares, individual mouse
classification accuracy. Inset, # mice predicted > chance / total mice. (L) Same as K but for classifying Ctl from
all end-stage mice in 4-way class (‘ES”). Right-tail t-test vs. chance (50%), p = 0.00015, n = 26 mice, **p < 0.005.
(M) Physiology PC1 coefficients from all single units in study. (N) Same as M but for PC2. (O) Normalized bilateral
physiology PC1 and behavior PC1. Shaded region indicates Clgs of fit. Contra and Ipsi hemisphere physiology PC1
scores overlaid, shaded area indicates +SEM. Paired t-test, p=0.037, * p < 0.05, n= 12 mice. Blue dot, mean behavior

PC1 score vs. average TH remaining across hemispheres in unilateral mice. (P) same as O but for physiology PC2
scores.
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3.4  DISCUSSION

Results from 5 different depletion models, representing different mechanisms, rates, and patterns
of dopamine depletion, show that SNr pathophysiology emerges at early stages of dopamine loss,
well before the onset of motor symptoms, and its severity is independent of the rate of dopamine
depletion. Firing rates of SNr neurons were the most sensitive to dopamine loss; with as little as
~15% dopamine loss, SNr firing rates were reduced to levels seen in fully depleted mice.
Aberrant firing patterns in the SNr, including loss of regularity and increased burst firing,
emerged at later stages of depletion, once ~40% dopamine had been lost. At the network level,
firing synchrony became more pronounced, particularly at late stages of dopamine loss, but
amplified B-oscillations were never observed in any of our depletion models. Using
dimensionality reduction to represent the progression of SNr pathophysiology along a single
axis, we observed a sharp, stepwise transition from the intact to the depleted state that remained
relatively stable across subsequent depletion stages and underwent a second sharp drop as mice
reached the end-stage of depletion. These results suggest that regardless of the model or rate of
depletion used, compensatory mechanisms do not maintain function of basal ganglia output into
late-stages of the disease. These results provide the first quantitative analysis of the trajectory
with which basal ganglia output physiology breaks down over the course of gradual dopamine
depletion.

One of the major challenges in treating PD is that patients typically do not have overt
motor symptoms until the late stages of dopamine neurodegeneration (Bernheimer et al., 1973;
Fahn, 2003; Riederer and Wuketich, 1976). Thus, by the time a diagnosis is made, options for

treatment are usually limited to those that minimize symptoms, rather than disease-modifying
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therapies. Diagnosing and treating patients during the prodromal stage, when dopamine levels
have started to decline but motor symptoms are not yet present, would increase options for
treatment and likely result in better patient outcomes. Identifying the progressive changes
leading up to the appearance of symptoms would also allow us to determine which adaptations
are compensatory and develop pre-clinically and which are responsible for the onset of severe
motor symptoms. However, our understanding of the physiological changes in the prodromal
stage of PD is sparse.

Contributing to this lack of knowledge is the wide range of PD animal models used in
research; none of which recapitulate all aspects of the disease (Betarbet et al., 2002; Bové et al.,
2005; Meredith et al., 2008b; Simola et al., 2007). Even studies focused on the end stages of the
disease, after dopamine has been fully depleted, have reported strikingly different and sometimes
conflicting findings (Lobb and Jaeger, 2015a; Lobb et al., 2013; Seeger-Armbruster and VVon
Ameln-Mayerhofer, 2013). Furthermore, the fervor with which some researchers value one
animal model over another can make it difficult to determine which model is best-suited for a
given study. This led us to ask: What can we learn by leveraging these models against one
another? The answer: we could see what factors (mechanism, rate, or lateralization of dopamine
loss) are most influential in maintaining basal ganglia function and thus motor function. The
unexpected outcome was that across models, canonical basal ganglia output developed
stereotyped pathophysiology that onset early in disease progression prior to the onset of motor
deficits.

With as little as ~15% dopamine loss, we saw a drastic decrease in the firing rates of SNr
neurons. Although decreases in firing rate are contradictory to the classic rate model of the basal

ganglia (DeLong, 1990), this effect was consistent across all depletion models used in our study
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and with findings of other groups (Delaville et al., 2012; MacLeod et al., 1990; Murer et al.,
1997; Rohlfs et al., 1997; Seeger-Armbruster and Von Ameln-Mayerhofer, 2013; Tseng et al.,
2005). This decrease in firing rate may be explained by the presence of type 3 canonical transient
receptor potential (TRPC3) channels on mouse SNr projection neurons. In particular, a previous
study showed that SNc dopamine release tonically excites SNr neurons via D1 — Ds receptor
coactivation that enhances tonically active TRPC3 channels (Zhou et al., 2009). Therefore, when
dopamine release is reduced, TRPC3 channel activation is likely also reduced causing a decrease
in firing frequency and increase in firing irregularity, similar to what is seen when these channels
are pharmacologically inhibited (Zhou et al., 2008). While firing rates were abruptly reduced at
early stages of dopamine loss, firing pattern changes such as irregularity and bursting seemed to
gradually increase at more moderate stages of dopamine loss (~40%). Finally, synchronous firing
patterns emerged only at end stages of 6-OHDA depletion models.

Interestingly, the time-course of these pathological features was highly conserved in both
the gradual 6-OHDA dopamine depletion model and the PFF a-Syn model. While these models
both result in a progressive dopamine depletion, this loss is achieved through different
mechanisms over different time courses and result in different motor deficits. Thus, it is
surprising to see remarkably similar pathophysiology at comparable time points. We also found
that the severity of pathophysiology in the SNr of mice was similar across many variations of
dopamine depletion models, including the rapid bilateral acute 6-OHDA model, as well as the
chronic unilateral 6-OHDA model. Our results further validate that end-stage pathophysiology,
at least within canonical basal ganglia output, is similar regardless of time during depletion, time

post depletion, or bilateral vs. unilateral exposure.
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Based on these results, moderate SNr pathophysiology is present prior to the onset of
motor deficits and was not very predictive of symptomatic severity. What other circuits could be
involved in preserving motor function in prodromal PD? One possibility is the other output
nuclei of the basal ganglia. In human and non-human primates, the output nuclei of the basal
ganglia consist of the SNr and the internal segment of the globus pallidus (GPi). In this study, we
focused our attention on the properties of neurons located in the SNr rather than the rodent
homolog of the GPi, the entopeduncular nucleus (EPN), mainly due to the difference in
projection targets. SNr likely serves a greater role in motor control in rodents as it sends
canonical inhibitory projections to brainstem motor nuclei and thalamus (Oh et al., 2014),
whereas cell populations in the EPN have been shown to send glutamatergic inputs to the lateral
habenula (Wallace et al., 2017), suggesting a greater role in limbic processing. Another
possibility is that intermediary nuclei, such as the external globus pallidus (GPe) or subthalamic
nucleus (STN), within the basal ganglia are playing a greater role in influencing other motor
circuits. Anatomical studies have shown that GPe and STN projections are not limited to
downstream basal ganglia output. GPe projects to areas of the thalamus, amygdala,
parasubthalamic nucleus, and cortex (Hazrati and Parent, 1991; Mastro et al., 2014), while STN
projects to areas of the thalamus, frontal cortex, substantia innominata, pedunculopontine
tegmental nucleus, dorsal raphe nucleus, and pontine reticular formation (Jackson and Crossman,
19814, 1981b; Kita and Kitai, 1987; Rico et al., 2010). Additionally, recent studies have unveiled
a disynaptic projection from the STN to the cerebellum (Bostan et al., 2010; Jwair et al., 2017)
and it has been shown that therapeutic STN-deep brain stimulation in parkinsonian rats results in
increased activity in cerebellar nuclei (Sutton et al., 2015). This finding, along with other studies

looking at different activity patterns in human PD patients (Bezard et al., 2003; Rascol et al.,
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1997; Wu and Hallett, 2005, 2013; Yu et al., 2007), highlights the possibility that motor circuits
outside the basal ganglia, such as the cerebellum and supplementary motor area, may also be
contributing to the preservation of motor function.

Many suspect a hierarchy of compensation is involved in the preservation of movement
until late stages of dopamine loss. First up are dopamine-related mechanisms, followed by non-
dopamine-mediated mechanisms within the basal ganglia, and finally mechanisms outside the
basal ganglia (Bezard et al., 2010). What remains unclear are the exact thresholds of the
transitions between each of these families of compensatory mechanisms and how they relate to
the appearance of Parkinsonian motor abnormalities. Our results combine awake in vivo
physiology with two types of progressive depletion models and show that basal ganglia output
progresses through three distinct physiological states: normal, moderate pathophysiology, and
severe pathophysiology. Additionally, transitions between these states depend on the amount, but
not rate or mechanism of dopamine depletion. No single physiological parameter predicted the
onset of motor deficits, but analysis of the relationship between parameters revealed that the
transition from asymptomatic to symptomatic was accompanied by a sharp increase in the
interaction of other parameters with synchrony. These findings suggest that regardless of the
time course of method of depletion, compensatory mechanisms within the basal ganglia become

overwhelmed at end-stages of dopamine loss.
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40 SUMMARY AND CONCLUSIONS

Through the combination of developing improved animal models and interrogating how and
when pathophysiology develops during the course of PD, we are starting to get a clearer picture
of the underlying mechanisms of the disease. As discussed in the introduction, the wide range of
animal models available and the quest to explore new ways to recover motor function have
greatly enhanced our understanding of remarkable reorganization that occurs in the brain
following dopamine neurodegeneration. Here, we developed a novel paradigm for modeling
progressive dopamine loss and used this paradigm in addition to other well-studied animal
models of PD to investigate how and when basal ganglia activity changes in PD.

In Chapter 2, we inject multiple bilateral low doses of the neurotoxin 6-OHDA over time
to better recapitulate the slow progression of the dopamine loss seen in PD. This model displayed
a monotonic decrease in striatal dopamine levels that resulted in the differential degradation of
motor symptoms. While spontaneous horizontal movement remained robust until late stages of
dopamine loss, spontaneous vertical movement in the form of rearing declined linearly as a
function of dopamine loss. Interestingly, we found that motor coordination assessed via the pole
task was preserved in gradually depleted animals whereas animals that underwent an acute
depletion in only a few days displayed significant deficits. This study established a gradual
depletion paradigm that provides an experimental platform to study changes at various stages of
dopamine loss, while modeling the progressive degeneration in PD so as not to preclude any
compensatory plasticity that may be missing in more acute depletion models.

The role of the basal ganglia in the onset of motor deficits in PD is still poorly understood

(Galvan and Wichmann, 2008). Therefore, we assessed the onset and progression of
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pathophysiology in the output nucleus of the basal ganglia using a number of animal models of
PD. We performed in vivo electrophysiological recordings in the SNr of awake animals at
various stages of dopamine loss induced by different methods at rates ranging from 3-6 months
to determine which pathological features contributed to the onset of motor dysfunction. As
shown in Chapter 3, we observed a stereotyped, hierarchical progression of pathophysiology in
the SNr. Specifically, firing rate changes occurred first at early stages of dopamine loss, followed
by changes in firing pattern at more intermediate stages. No single physiological parameter
predicted the onset of motor deficits, but analysis of the relationship between parameters
revealed that the transition from asymptomatic to symptomatic was accompanied by a sharp
increase in the interaction of other parameters with synchrony. Furthermore, onset and
progression of pathophysiology was highly consistent across various models, suggesting that the
amount of dopamine determines the degree of pathology, rather than the rate or mechanism of
depletion. These results provide the first quantitative analysis of the trajectory with which basal
ganglia output physiology breaks down over the course of progressive dopamine depletion.
Taken together, these results demonstrate the complex interplay between the onset and
progression of various motor deficits and pathological basal ganglia activity. The main goal of
this discussion is two-fold: 1) discuss the future of developing improved animal models of PD
and 2) provide possible avenues for developing new therapeutic strategies based on what we
currently know about the prodromal phase of PD. Though animal models of PD and theoretical
models of basal ganglia circuitry have their limitations and caveats, they provide us with a great
framework through which to study how the basal ganglia contributes to motor function and

dysfunction in health and disease.
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41 THEPATHTO ABETTER PARKINSON MODEL

In the last few decades, the increasing array of animal models of PD has led every researcher to
ask: which is the best? Unfortunately, there is no simple answer and choosing a model for a
particular study requires careful consideration of the validity, benefits, and limitations of the
current options. Animal models have allowed us to make considerable progress in understanding
the biochemical, molecular, and physiological changes associated with late-stage PD. However,
there is still a lot we do not understand about the pathology of disease progression and the
physiological changes leading up to the onset of motor symptoms. In recent years, this
knowledge gap has inspired the redesign of classic models in addition to the development of new
models. The goal of the following section is to highlight some of the promising new avenues for
future development of better animal models of PD. PD is characterized as a chronic progressive
neurodegenerative disorder that is likely a result of a combination of multiple genetic and
environmental factors. The latest development of new animal models involves those that
recapitulate the progressive nature of PD, and those that blend methodology to better capture the

complex pathology of PD.

4.1.1 Progressive models

The degeneration of dopamine neurons in PD occurs over a number of years prior to the onset of

motor deficits. Until recently, estimates based on postmortem analysis of brain tissue and striatal

dopamine imaging suggested a 5-6 year preclinical or prodromal period (Fearnley and Lees,

1991; Hilker et al., 2005; Morrish et al., 1996, 1998). Studies of Lewy body pathology in other
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areas of the brain as well as epidemiologic studies of non-motor symptoms suggest that the
preclinical period may extend 20 years prior to the onset of motor dysfunction (Savica et al.,
2010). Animal models that better simulate this slow disease progression are needed to study this
extensive prodromal period, the transition to symptomatic PD, and test potential neuroprotective
strategies.

One strategy used to study various stages of dopamine loss involves altering the delivery
of traditional neurotoxins. 6-OHDA has been used to model earlier stages of PD by
administering lower doses to produce various degrees of dopamine loss in rats (Truong et al.,
2006). Other studies have reported that injecting 6-OHDA directly into the striatum results in a
more progressive degeneration of dopamine neurons (Fleming et al., 2005; Przedborski et al.,
1995; Sauer and Oertel, 1994). As discussed in Chapter 2, we demonstrated that injecting
multiple small doses of 6-OHDA into the medial forebrain bundle of the same mouse over 15-49
days also provided us with the opportunity to study various stages of dopamine loss while
allowing for the full engagement of potential compensatory mechanisms that may occur during
chronic progressive dopamine degeneration (Willard et al., 2015). More recently, a similar
strategy has been developed for rats, with daily intraventricular administration of 6-OHDA over
6-32 days (Quiroga-Varela et al., 2017). Repeated systemic injections of the MPTP in rodents
has been less successful, however this treatment in non-human primates has been used to study
the development of motor and non-motor symptoms (Fox and Brotchie, 2010). Another
promising model involves daily intraperitoneal injections of the pesticide rotenone in rats. This
resulted in ~50% loss of striatal dopamine and was accompanied by postural and rearing deficits

after 6-10 days. This model is highly reproducible and, unlike 6-OHDA and MPTP models,

91



results in the presence of a-synuclein aggregates (Cannon et al., 2009). The time course of this
model is still very rapid but may be a promising tool for testing neuroprotective interventions.
As mentioned in Chapter 1, most current genetic models of PD typically do not undergo
significant dopamine neurodegeneration and lack motor deficits, thereby limiting their usefulness
in the study of disease progression. One promising genetic model was developed by selectively
inactivating a mitochondrial transcription factor in dopamine neurons. These ‘MitoPark’ mice
show adult onset neurodegeneration and progressive behavioral deficits over the course of 30
weeks and are responsive to L-DOPA treatments (Ekstrand and Galter, 2009). However, this
model fails to display a-synuclein pathology and involves the manipulation of a gene that has not
been implicated in the human disease (Beal, 2010; Ekstrand and Galter, 2009; Ekstrand et al.,

2007).

4.1.2 Fusion models

PD is likely the result of a combination of various environmental and genetic factors. One
interesting new avenue of modeling PD in animals involves the ‘fusion’ of different existing
models to simulate the synergy between environmental insult and genetic risk factors that may be
responsible for the human condition (Manning-Bog and Langston, 2007). Given that transgenic
models fail to replicate dopamine neurodegeneration, researchers have explored the effects of
exposing transgenic models to neurotoxins. In these studies, mice over-expressing a-synuclein
are administered systemic doses of MPTP and the degree to which dopamine degeneration is
achieved is analyzed. One study showed no difference in the degree of degeneration between

transgenic animals and littermate controls in two different lines of a-synuclein over-expressing
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mice (Rathke-Hartlieb et al., 2001). However, three additional studies in mice over-expressing
either wild-type or mutant versions of the human a-synuclein protein, reported increased
sensitivity to MPTP (Nieto et al., 2006; Richfield et al., 2002; Song et al., 2004). These results
have been further supported by studies done in transgenic mouse lines where a-synuclein
expression is deficient and animals were either partially or fully resistant to the degenerative
effects of MPTP (Dauer et al., 2002; Drolet et al., 2004; Klivenyi et al., 2006; Schliter et al.,
2003). Further investigations of the interaction between genetic mutations and susceptibility to
environmental toxins may unveil new targets for neuroprotective strategies.

An intriguing new study induces neurodegeneration in a transgenic a-synuclein mouse
through the manipulation of endogenous dopamine levels. Researchers injected a mutant form of
the catalytic enzyme tyrosine hydroxylase into the SNc of transgenic a-synuclein mice to
increase endogenous dopamine production. This led to a progressive degeneration of dopamine
neurons 5 months post injection with a detectable decrease in ambulatory activity (Mor et al.,
2017). These findings highlight the importance of investigating the interactions between
dopamine and a-synuclein and how they contribute to disease progression. Overall, we are
continuing to learn more about PD disease progression, the vulnerability of dopamine neurons,
and the important interactions between genetic and environmental risk factors through the

creative repurposing of new and old animal models of PD.
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4.2 PHYSIOLOGICAL CORRELATES OF MOTOR DYSFUNCTION

While we have made great progress in understanding the pathophysiology present at the late
stages of PD, very little is known about the process by which these circuits transition from a
healthy to symptomatic state. In PD, motor symptoms typically do not present until dopamine
levels have been reduced by 70-80%. Clinically, this means that patients who seek medical help
at the onset of motor symptoms have likely been living with chronically low levels of dopamine
for years. It has been proposed that this early, pre-symptomatic phase of PD, called the
prodromal phase, is an ideal time to begin therapies (Olanow and Obeso, 2012). However, very
little is known about the circuit changes occurring during these early stages of the disease, and
when the pathophysiological changes associated with the late stages of the disease arise.
Identifying the physiological changes that occur at the onset of motor deficits, or the
physiological changes that are corrected when motor symptoms are alleviated, could help us
identify which changes are most responsible for movement dysfunction and provide us with new
targets for therapeutic strategies. These questions are of critical importance because intervening
at earlier stages of the disease, before widespread circuit dysfunction has occurred, may allow us
to slow are stop its progression.

We found that pathophysiology in the basal ganglia output followed a biphasic
progression based on the relationship between a number of different physiological parameters
during the transition from healthy to late-stage depletion. The following section will explore, in
greater detail, the potential mechanisms through which basal ganglia output develops

pathological activity patterns, how current treatments rescue basal ganglia output physiology,
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and highlight other studies of the physiological changes accompanying the transition from

asymptomatic to symptomatic.

4.2.1 Influencers of basal ganglia output physiology

In Chapter 3, we explored the question of when pathophysiology develops in the output nuclei of
the basal ganglia and described a hierarchical series of changes that occur during the progression
of dopamine loss resulting in two distinct physiological states: prodromal and end-stage. One
question that remains is how pathophysiology in the output nuclei develops. Is this pathological
activity simply imposed upon the output nuclei from upstream basal ganglia nuclei? If so, which
nucleus exerts the most influence? Or do features develop due to changes intrinsic to the output
nuclei? Determining the source of these pathological activity patterns may provide us with
insight into how to intervene prior to symptom onset as well as additional therapeutic targets for
recovering motor dysfunction.

The basal ganglia output nuclei (GPi/SNr) primarily receive input from the striatum via
the direct pathway, GPe, and STN (Fig. 4.1). As mentioned in Chapter 1, chronic dopamine
depletion significantly alters the activity patterns of neurons throughout the basal ganglia by
increasing burst firing and synchrony (Bergman et al., 1994; Filion and Tremblay, 1991; Galvan
and Wichmann, 2008; Hutchison et al., 1994; Neumann et al., 2016; Raz et al., 2000; Singh et
al., 2016; Wichmann and Soares, 2006). Given our current understanding of how basal ganglia
circuitry is altered in parkinsonian conditions, it is likely that the STN plays the greatest role in
influencing output nuclei activity (Fig 4.1 A). The STN has been hypothesized to play a key role

in the generation and propagation of pathological synchrony due to its mutual excitatory-
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inhibitory connections to the GPe (Bevan et al., 2002). Studies have also implicated STN as a
potential propagator of burst firing in the basal ganglia. Recordings from STN neurons in ex vivo
brain slices of dopamine depleted animals showed the generation of large bursts of excitatory
postsynaptic currents in response to a single stimulation of its afferents in the internal capsule.
These bursts reverberated several times in the absence of additional stimulation and this bursting
activity was propagated to GPe neurons (Ammari et al., 2011). This phenomena can be attributed
to recurrent excitation resulting from STN neurons innervation of neighboring STN neurons and
has been shown to also drive burst spike in SNr neurons (Ammari et al., 2010; Shen and
Johnson, 2006). In dopamine depleted animals, lesions of the STN led to more regular firing
patterns in SNr neurons (Burbaud et al., 1995; Murer et al., 1997). Additionally it has been
shown that therapeutic STN deep brain stimulation reduces bursting in the GPi and SNr (Hahn et
al., 2008; Maltéte et al., 2007). These results suggest that STN may play a role in the
development of synchrony and burst firing in the output nuclei of the basal ganglia under
conditions of dopamine depletion.

The output nuclei are also influenced by inhibitory projections from the striatum via the
direct pathway and the GPe (Fig. 4.1 B, C). Increased synchrony and bursting has been observed
in the striatum (Raz et al., 2001; Singh et al., 2016). In particular, blockade of dopamine D1-type
receptors typically associated with neurons projecting directly to output nuclei have been shown
to increase synchrony within the striatum (Burkhardt et al., 2009). Convergent synchronous
inhibitory inputs from the striatum onto tonically active output nuclei neurons could result in
synchronized pausing and subsequent rebound bursting activity. However, in a dopamine
depleted state, the excitability of striatal neurons projecting through the direct pathway to cortical

stimulation becomes diminished (Mallet et al., 2006). This suggests that influence of the direct
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pathway is likely not the primary influencer of output activity. Striatal neurons that project to the
GPe through the indirect pathway display enhanced excitability to cortical drive in dopamine
depleted conditions, suggesting that they play a larger role in shaping downstream activity
(Mallet et al., 2006). Given the increased coupling of STN-GPe activity in dopamine depleted
states (Fan et al., 2012), it is possible that bursting and synchrony in basal ganglia output may be
enhanced by inhibitory GPe inputs. It has been shown that therapeutic GPe deep brain
stimulation reduces bursting in the GPi (Vitek et al., 2012), although GPe deep brain stimulation
likely also impacts STN firing patterns, making it difficult to ascertain the influence of the GPe
inputs alone.

A final possible source of pathological activity in output nuclei neurons are intrinsic
changes related to the loss of dopamine signaling (Fig. 4.1 D). Recordings from SNr neurons in
isolated brain slices from dopamine depleted rats or under acute dopamine blockade displayed
increased bursting behavior (Aceves et al., 2011), possibly due to an upregulation of rebound
HCN3-mediated currents (Meurers et al., 2009). Additionally in humans, it has been shown that
effective GPi-DBS also reduced GPi burst firing (Cleary et al., 2013), although this was not
found in MPTP-treated monkeys (McCairn and Turner, 2009). These results suggest that
intrinsic changes in SNr neurons may be partially responsible for the increased burst firing
present in dopamine depleted conditions, although it is more likely that synchronous excitatory
(STN) and inhibitory (striatum and GPe) inputs have a greater control over shaping firing
patterns in an intact network.

To determine which of these sources plays the greatest role in shaping activity patterns in
the basal ganglia output, future experiments should attempt imposing distinct activity patterns

through optogenetic activation or inhibition while recording in both the influencing nucleus and
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the output nucleus in dopamine depleted conditions. If imposed patterns are reflected
downstream in output nuclei, further investigation of these synapses in ex vivo brain slices may

help identify plasticity that facilitates transfer of pathological activity within the basal ganglia.
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Figure 4.1. Propagation of pathophysiology in the basal ganglia in Parkinsonian conditions. Weight of green
(excitatory) and red (inhibitory) lines indicate the presumed activity of each connection. (A) The influence of the
subthalamic nucleus (STN) on the activity in the output nuclei. (B) The influence of the striatum on the activity in
the output nuceli. (C) The influence of the globus pallidus externa (GPe) on the activity in the output nuclei. (D)

Intrinsic changes influence on the activity in the output nuclei. SNc, substantia nigra pars compacta; GPi, globus
pallidus interna; SNr, substantia nigra pars reticulata.
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4.2.2 Current treatments and their effect on physiology

Currently, the main treatment goal for patients with PD is minimizing debilitating motor
symptoms. Drug treatment with L-DOPA and surgical intervention with DBS remain the gold
standards in improving motor function (Fasano et al., 2012; Nagatsua and Sawadab, 2009).
While these treatments have been in practice for many decades, their respective mechanisms of
action are still not fully understood (Obeso et al., 2017). Investigation into which pathological
features these treatments restore may help us pinpoint those most responsible for motor
dysfunction and aid in the design of more targeted treatments with fewer side effects and
complications.

One of the first studies looking at the effects of L-DOPA on basal ganglia physiology
was in MPTP-treated monkeys. Following MPTP treatment, they reported a predicted decrease
in firing rate in the GPe and increase in firing rate in the GPi. In the GPe there was a slight
increase in burst firing, while in the GPi there was a considerable increase in burst firing.
Administration of L-DOPA normalized firing rate in the GPe and reduced firing rate in the GPi
below that seen in controls. However, L-DOPA had no effect on the burst firing in GPe and only
slightly decreased burst firing in the GPi (Boraud et al., 1998). Another study in MPTP-treated
monkeys reported that L-DOPA reduced firing rates in the SNr but did not have any effect on
burst firing (Gilmour et al., 2011). In humans, recordings performed through deep brain
stimulation electrode implanted in patients revealed that L-DOPA administration prevented
abnormal fluctuations in B oscillations in the STN and GPi during movement preparation,

execution, and recovery (Priori et al., 2002). These results suggest that L-DOPA administration
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is effective at restoring firing rate and may play a role in normalizing oscillatory activity but is
ineffective at restoring normal firing patterns.

Early treatments for PD included surgical ablation of basal ganglia targets including the
STN and GPi. Following the development and use of DBS to treat tremor, groups began
pioneering the use of high-frequency stimulation as an alternative to irreversible lesions (Obeso
etal., 2017). It was originally thought that high-frequency stimulation through DBS worked by
inhibiting the target brain area, producing a similar effect as a lesion (Bergman et al., 1990;
Limousin et al., 1995; Siegfried and Lippitz, 1994). However, studies of the effects of DBS on
basal ganglia physiology have revealed that it has a far more complex impact on neural activity.
Results from GPi-stimulation in humans showed changes in both firing rate and firing pattern,
with a net decrease in overall activity in the GPi. DBS also entrained neuronal firing in complex
patterns thereby disrupting pathological firing patterns (Cleary et al., 2013). Other reports of
therapeutically effective DBS have shown paradoxical increases in the firing rate of GPi neurons,
suggesting that firing rate changes may not be the primary therapeutic mechanism of DBS (Hahn
et al., 2008; Hashimoto et al., 2003). Far more consistent, are reports detailing reductions in
pathological firing patterns and reduced oscillatory and synchronous activity (Hahn et al., 2008;
Hashimoto et al., 2003; McConnell et al., 2012).

While we are still in the process of understanding the mechanisms through which L-
DOPA and DBS mediate their respective therapeutic effects, it is becoming clear that there is no
one pathophysiological feature that must be manipulated to relieve motor dysfunction in PD.
This is consistent with our findings from Chapter 3 that no one parameter could predict motor

deficits, however interactions between various parameters and synchrony seemed to correlate
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with motor dysfunction. These results suggest that there are various mechanisms through which

motor function can be restored.

4.2.3 Prodromal pathophysiology in Parkinson’s disease

Clinical studies have provided supporting evidence for the existence of a prodromal period of
PD, where patients experience a variety of nonmotor symptoms prior to the onset of classic
motor symptoms (Pont-Sunyer et al., 2015; Schrag et al., 2015). In fact, it has been shown in a
number of population studies that olfactory dysfunction, constipation, depression, and REM
sleep disturbances are associated with a greater risk for developing PD in otherwise healthy
subjects (Berg et al., 2015; Postuma et al., 2012, 2015; Ross et al., 2008; Savica et al., 2009;
Shiba et al., 2000). However, many of these symptoms are also associated with a number of
other disorders as well as normal ageing and therefore are largely unhelpful as diagnostic
criteria. Due in large part to our inability to identify patients with PD prior to the development of
overt motor symptoms, studies of prodromal pathophysiology in PD are largely limited to animal
models. Additionally, the most commonly used animal models employ a neurotoxin to mimic the
late stages of the disease and bypass the intermediary prodromal phases.

The few studies detailing physiological changes during the progression of dopamine loss
mainly utilize the non-human primate MPTP model that involves systemic daily low-dose
injection with behavioral assessment to delineate the transition to symptomatic PD. While this
model has several advantages, such as being able to track physiology in an individual animal
over time, there are a number of limitations as well. These studies involve very few animals with

a high degree of variability between animals. Post-hoc analysis can reveal the total extent of
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dopamine loss at the end of treatment, but it is unclear what level of dopamine is depleted
following each dose in a given animal. While toxin doses are spread out to more gradually
deplete dopamine, clinical symptoms still onset quite rapidly after only 15-20 days which is still
an incredibly short amount of time in the lifespan of a monkey. Additionally, only subsets of
individual physiological parameters are measured and the relationship between parameters is
rarely explored.

One of the first studies to explore the gradual modification of physiology in the basal
ganglia was in 1999 by Bezard and colleagues. They performed multiunit recordings in the STN,
GPe, and GPi of two MPTP-treated monkeys over the course of 25 days. They found that mean
firing rates of the STN and GPi became elevated two days prior to the onset of clinical
symptoms, while firing rates in the GPe remained stable throughout the entire protocol (Bezard
etal., 1999). In 2007, Leblois et al reported no changes in GPi firing rates over the course of
MPTP dopamine depletion. They did observe an increase in burst firing patterns, synchrony, and
oscillations but not until after the appearance of motor symptoms (Leblois et al., 2007). A more
recent study attempted to correlate physiological parameters in the GPe and GPi of individual
animals to their respective degree of motor deficits throughout progressive MPTP-treatment.
While they did report changes in firing rate, burst firing, and oscillatory activity, their
relationship to the severity of motor deficits was inconsistent and varied significantly across the
three animals included in the study (Muralidharan et al., 2016).

Currently, there is sparse information available regarding electrophysiological changes in
prodromal PD. The inconsistent and highly variable results from these studies highlight the need
for developing a standard set of measurable physiological parameters and studying the

relationship between them, rather than looking at any one parameter in isolation. The pathology
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and symptoms seen in patients with idiopathic PD is heterogenous and likely reflects a complex
interplay of pathological activity developing across a vast network of brain areas. Therefore, it is
unsurprising that studies looking at individual parameters across a small set of animals reveal a
high degree of variability. Rather than attempting to identify a single culprit responsible for the
onset of motor deficits, future studies should focus on distinguishing an overall physiological

state associated with motor dysfunction and design ways to disrupt or prevent it.

4.3 FINAL REMARKS

In conclusion, the progression of pathophysiology in PD is complex. PD is an extremely
heterogeneous disorder with a highly variable and wide-range of clinical features and disease
progression. Isolating the underlying mechanisms that will provide the most therapeutic benefits
for patients will require extensive study of many existing animal models of PD as well as the
development of new and better models. Our first contribution was the development of a novel
dopamine depletion paradigm that better recapitulates the progressive degeneration of dopamine.
This paradigm provides an opportunity to study the various stages of dopamine loss including
mechanisms of plasticity that may only be employed when dopamine loss occurs gradually. This
model will be used in future studies to unveil the multifaceted reorganization that occurs during
dopamine degeneration as well as test the most beneficial times to begin various therapies.

Our second contribution focused on exploring the onset and progression of dysfunction in
the basal ganglia during the course of progressive dopamine loss. This study provides the first
evidence for a biphasic transition from healthy physiology to severe pathophysiology in the SNr.

These results suggest that the transition prodromal to symptomatic PD involves a complex array
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of behavioral and physiological changes that warrant further investigation. Our data identify
interactions between neural synchrony and rate and pattern changes as a potential predictor of
motor symptom onset. Moving forward, mapping this trajectory in individual animals as well as
in other brain areas at rest and during periods of movement will provide great benefit to
understanding the underlying mechanisms of disease progression and identifying new ways to

intervene and treat PD.
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Figure Al. SNr pathophysiology in bilateral 6-OHDA dopamine depletions. (A) Three single-unit
example traces from Ctl, Acute, and Gradual conditions showing firing rate and irregularity in firing
pattern. (B) Three single-unit example rasters from Ctl, Acute, and Gradual conditions showing bursts
identified from the Poisson Surprise Burst analysis in red (see Methods, bursts had to contain > 4 spikes)
and bouts of high synchrony between simultaneously recorded units in black.
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