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The cellular and circuit mechanisms of hyperkinetic movement disorders

Allison Elizabeth Girasole

Abstract

The basal ganglia are a series of interconnected subcortical nuclei involved in
movement, action selection, and decision making. These processes are dependent on
the coordinated output of the striatal direct and indirect pathways, which is dysregulated
in neurological conditions such as Parkinson’s disease, Huntington’s Disease, and forms
of dystonia. However, the specific cells, circuits, and patterns of activity within the brain
that contribute to disease manifestations, such as involuntary movements, or dyskinesias,
are not well understood. To address this gap, we have used two mouse models of human
dyskinesias, paroxysmal nonkinesigenic dyskinesia (PNKD) and levodopa-induced
dyskinesia (LID), to investigate whether aberrant striatal activity is a root cause of
dyskinesia. Using a variety of in vivo and ex vivo techniques to both record and
manipulate neural activity, we found that abnormal patterns of activity in the striatum give
rise to dyskinesia. Interestingly, in PNKD we see profound reductions in striatal indirect
pathway activity during dyskinesia, whereas in LID there are decreases in indirect
pathway activity, but also abnormally high direct pathway activity during dyskinesia.
Further, we found that the decrease in indirect pathway activity is necessary and sufficient
for drug-induced dyskinesia in PNKD, while an increase in activity in a subset of direct
pathway neurons is necessary and sufficient for drug-induced dyskinesia in LID. In both

models, we found evidence of aberrant striatal synaptic plasticity as a cellular correlate



of dyskinesia: depressed excitatory input onto indirect pathway neurons in the case of
PNKD, and enhanced excitatory input onto direct pathway neurons in LID. While these
results are largely in support of the classical model of basal ganglia function, we also
found heterogeneity within the canonical direct pathway in LID, and identified a subclass
of direct pathway neurons with exceptionally high levodopa-evoked firing that correlates
strongly with dyskinesia, Importantly, these results may guide the development of new
therapeutics for hyperkinetic disorders based on targeting specific subclasses of striatal

neurons or their connections.
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CHAPTER 1

Introduction

1.1 Overview of Dissertation

The function of the basal ganglia has perplexed scientists and clinicians for decades.
While the anatomy and connectivity are largely agreed upon, how these interconnected
nuclei contribute to human behavior, including movement, motivation, and cognition, is
still a source of significant debate. Much of our understanding of the basal ganglia comes
from neurological conditions in which the function of the basal ganglia goes awry, such
as Parkinson’s disease and Huntington's Disease. From studying these disorders and
associated animal models, a rich literature has emerged, which informed influential
models and generated hypotheses that are still being tested today. Furthermore,
technological developments, such as cell type-specific fluorophore lines, Cre
recombinase mouse lines, and optogenetics, have permitted significant strides in our
understanding of the basal ganglia. However, the precise cellular and circuit mechanisms
underlying basal ganglia dysfunction in neurological conditions, such as hyperkinetic
movement disorders, is unknown. More specifically, it is unclear how the primary input
nucleus of the basal ganglia, the striatum, changes in a hyperkinetic state. To address
these issues, we have implemented two mouse models of dyskinesia, a movement
disorder in which patients develop abnormal involuntary movements. One model is based
on the rare autosomal dominant human disorder, paroxysmal nonkinesigenic dyskinesia
(PNKD), and the other on levodopa-induced dyskinesia (LID), a drug-induced movement

disorder seen in patients with Parkinson’s disease. Our goal was to find 1) the specific



brain regions and cell types involved in producing involuntary movements, and 2) to
identify the patterns of activity underlying these movements. Interestingly, across the two
phenotypically similar models, different patterns of striatal activity were associated with
involuntary movement, but our findings suggest that an imbalance in activity between the
direct and indirect pathways may be a shared feature. Further, our results suggest that
targeting functional subclasses of neurons, within classicaly defined cell types, may be
needed to optimally treat these conditions.

In Chapter 1, | will introduce the basal ganglia circuit, discuss the prevailing models
of basal ganglia function and dysfunction, introduce several diseases of the basal ganglia,
and outline theories regarding the origin of hyperkinetic movement disorders.

In Chapter 2, | will describe a study of striatal circuit dysfunction in a mouse model
of a type of inherited human dyskinesia, paroxysmal nonkinesigenic dyskinesia (PNKD).
This work is currently being revised for resubmission. In this study, we have incorporated
unsupervised human genetics, in vivo and in vitro electrophysiology, chemogenetics, and
behavior in a mouse model of PNKD to elucidate the role of striatal circuit dysfunction
during dyskinesia. We discovered that dyskinesia in PNKD mice results from transient
loss of striatal indirect pathway activity, likely driven by aberrant endocannabinoid-
mediated synaptic depression. Together, our data indicate that targeting indirect pathway
activity may be an effective strategy for treating some forms of dyskinesia.

In Chapter 3, we investigated the circuit basis of a phenotypically similar, but
etiologically distinct movement disorder, levodopa-induce dyskinesia (LID), a medical
complication of dopamine replacement therapy in Parkinson’s disease. This work was

published in Neuron in 2018 (Girasole et al., 2018). We used a novel activity-dependent



mouse line called FOSTRAP, Targeted Recombination in Active Populations (Guenthner
et al., 2013) in conjunction with a well-validated mouse model of LID, to capture neurons
brain-wide that are activated during LID, as a means to identify the specific brain regions
and neuronal cell-types that are causally involved in dyskinesia. Using this approach, we
were able to optogenetically reactivate or inhibit these same neurons, and found that LID-
associated striatal neurons, but not motor cortical or sensory cortical neurons,
bidirectionally control dyskinesia. Further, we found that TRAPed striatal neurons are
primarily direct pathway neurons, and show robust increases in firing rate in vivo following
administration of levodopa. This work suggests that targeting subsets of striatal direct
pathway neurons could be a novel therapeutic target in LID.

In Chapter 4, we explored the cellular and synaptic mechanisms that distinguish
TRAPed striatal neurons from other stiratum neurons in the sensorimotor striatum. This
work, a collaborative project with fellow graduate student Michael Ryan, is still in
preparation for submission. We have used in vivo and in vitro electrophysiology, as well
as Cre-dependent rabies tracing, to investigate the differences between TRAPed striatal
neurons and direct pathway neurons more broadly. In vivo, we found that, as compared
to direct pathway neurons in general, TRAPed cells show markedly elevated levodopa-
evoked firing rates, which typically correlate on a moment-to-moment basis with
dyskinesia severity. While we found changes in the monosynaptic inputs using modified
rabies tracing to direct and indirect pathway neurons in parkinsonian/levodopa-treated
versus healthy mice, we did not find a difference in the distribution of inputs to TRAPed
versus other direct pathway neurons. However, we found evidence of functional

differences in excitatory input onto TRAPed neurons, using ex vivo electrophysiology.



These experiments suggest a presynaptic mechanism may contribute to the distinct
physiology of TRAPed neurons, and in turn to dyskinesia. Further experiments will be
needed to fully elucidate this phenomenon.

Finally, in Chapter 5, | will provide brief conclusions, future areas of study, and
discuss some of the important remaining questions regarding dyskinesia

pathophysiology.

1.2 Introduction
Anatomy of the basal ganglia:

The basal ganglia are a group of interconnected subcortical nuclei. One of the most
evolutionarily conserved brain circuits, the basic anatomy and connectivity of the basal
ganglia is preserved from the lamprey to the human (Reiner et al., 1998; Stephenson-
Jones et al., 2012). Individual nuclei of the basal ganglia can be subdivided into input,
output, or intrinsic nuclei. The primary input nucleus of the basal ganglia is the
caudate/putamen (in rodents a single contiguous structure, the striatum), integrating
excitatory cortical and thalamic input with neuromodulatory inputs from the midbrain, to
influence basal ganglia output (McGeorge and Faull, 1987). Striatal principal neurons,
medium spiny neurons (MSNSs), are its sole output, and can be subdivided further into the
direct and indirect pathways, which will be discussed at length below. The internal
segment of the globus pallidus (GPi; the entopeduncular nucleus is the rodent analog)
and substantia nigra pars reticulata (SNr) serve as the primary output nuclei of the basal
ganglia, sending inhibitory projections to thalamus (Parent and Parent, 2004) and

brainstem motor centers. Finally, the intrinsic nuclei, acting as important connecting



points and relay centers between the input and output nuclei, consist of the globus
pallidus pars externa (GPe) and the subthalamic nucleus (STN). Of note, the STN is the
only excitatory nuclei in the basal ganglia and is also considered an input nucleus as it
receives “hyperdirect” input from motor cortices (Kitai and Deniau, 1981; Monakow et al.,
1978; Nambu et al., 1996). Further, the basal ganglia receive extensive dopaminergic
inputs from spontaneously active neurons of the substantia nigra pars compacta (SNc)
and the ventral tegmental area (VTA). SNc dopamine neurons primarily innervate the
dorsal portion of the striatum, whereas VTA neurons project to the ventral striatum.
Recent studies have also showed the midbrain dopamine neurons co-release glutamate
or y-aminobutyric acid (GABA) (Stuber et al., 2010; Tritsch et al., 2012), adding depth to
how the activity of dopamine neurons might affect the basal ganglia. The role of co-
release on behavior is currently unclear. In addition to these canonical synaptic
connections, many interconnections exist between basal ganglia nuclei, the function of
which is still unclear, but likely of importance (Lanciego et al., 2012). Together with their
inputs and outputs, the basal ganglia form a functional network with both open- and

closed-loop configurations

Diseases of the basal ganglia:

The study of movement disorders has been instrumental in shaping our
understanding of basal ganglia function, and constitutes a major motivation for ongoing
research. A basic understanding of these conditions (including Parkinson’s disease and
levodopa-induced dyskinesia, Huntington’s Disease, and dystonia) informed the design

and interpretation of the experiments in this dissertation.



Parkinson’s disease & levodopa-induced dyskinesia:

Parkinson’s disease (PD) is a complex multisystem neurodegenerative disorder,
affecting approximately 1% of adults over the age of 60. This condition is characterized
by cognitive, behavioral, and motor symptoms. Some disease symptoms are thought to
arise directly from neurodegenerative cell loss in brainstem nuclei, SNc/VTA, and cerebral
cortex in later states of the disease (Irwin et al., 2012). Other symptoms, however, are
hypothesized to occur as an indirect result of neurodegeneration, driven by aberrant
patterns of activity in surviving neurons that have lost neuromodulatory inputs (such as
dopamine). The motor symptoms of PD, such as bradykinesia, rigidity, and tremor, are
generally responsive to dopamine replacement therapy with levodopa and/or dopamine
agonists, or basal ganglia deep brain stimulation (DBS). The fact that both levodopa and
DBS can greatly reduce parkinsonism implies reversible circuit dysfunction as a major
driver of motor symptoms, and was an inspiration for the studies in this thesis. While
levodopa is the gold standard treatment for PD, and alleviates many motor symptoms,
treatment complications can arise. After prolonged use, typically 5-10 years, levodopa
treatment may be limited by the emergence of drug-indcued abnormal involuntary
movements, termed levodopa-induced dyskinesa (LID). LID is widely believed to result
from hypersensitivity to dopamine treatment, and depends on both the degree of
dopamine denervation and chronic pulsatile treatment with levodopa (Borgkvist et al.,
2018). The striatum, and specifically the striatal direct pathway, is a hypothesized to be
a key player in the generation of LID (Berton et al., 2009; Buck and Ferger, 2010; Jenner,

2008; Liang et al., 2008; Perez et al., 2017; Ryan et al., 2018; Singh et al., 2015).



Huntington’s Disease:

Huntington’s Disease (HD) is an inherited neurodegenerative disease caused by
expansion of the CAG trinucleotide repeat in the huntingtin (HTT) gene. The HTT gene is
located on chromosome 4 and those with 40 or more CAG repeats in one HTT allele will
develop this disease. Patients with HD have progressive neuropsychiatric, cognitive, and
motor symptoms, and eventually the disease is lethal. Neurodegenerative changes,
including cell loss, occur in both striatum and cortex, but early in the disease course may
be selective for neurons of the striatal indirect pathway (Albin et al., 1990; Deng et al.,
2004; Reiner et al., 1988). The reasons for selective vulnerability of striatal indirect
pathway neurons are unclear, but their expression of dopamine type 2 (D2) receptors
may be one explanation (Plotkin and Surmeier, 2015). Later in the disease,
neurodegeneration and atrophy is also observed in the cortex, as evidenced by imaging
in living patients, and from post-mortem studies (Halliday et al., 1998; Jernigan et al.,
1991; Rosas et al., 2001). One of the most prominent and distinctive clinical features of
HD is chorea, which are random, involuntary, often dance-like movements. Behavioral
symptoms often predate motor symptoms, and include apathy, anxiety, irritability,
depression, OCD, and psychosis (Craufurd et al., 2001). Cognitive disturbances also
often arise before motor symptoms, and include impaired processing speed, emotion
recognition, and executive function (Papoutsi et al., 2014; Stout et al., 2012). Though
currently there are no disease-modifying treatments for HD, inhibitors of the vesicular
monoamine transport type 2 (VMAT), such as tetrabenazine, or dopamine receptor

antagonists (antipsychotics) are often used to manage chorea. These agents disrupt



dopaminergic neurotransmission, either from decreased packaging of dopamine into

synaptic vesicles, or blocking of dopamine receptors themselves.

Dystonia:

Dystonia is characterized by involuntary, sustained muscle contractions, often
resulting in repetitive twisting movements and abnormal postures. In the most common
type of primary generalized dystonia, DYT1, a mutation in the dytl gene leads to
dysfunction of the protein torsinA (Ozelius et al., 1997). Since no neurodegeneration or
gross changes in brain morphology are seen on brain imaging or at autopsy in patients
with primary dystonias, aberrant circuit dysfunction is hypothesized as a causal
mechanism. In fact, these observations constitute another major motivation for studying
neural circuit activity in movement disorders. Comorbid non-motor features, such as
sensory abnormalities and neuropsychiatric problems, may be seen in patients with
isolated dystonia (Albanese et al., 2019). Anticholinergics have been a first-line
pharmacological therapy for dystonia, though their precise mechanism of action is
unknown and their side effects are often dose-limiting. DBS, particularly of the GPi, is a
particularly effective intervention for treating many forms of primary dystonia, again

pointing to neural activity as a reversible driver of movement disorder symptoms.

The classical model of basal ganglia function in health and disease:
In an attempt to resolve the complexity of the basal ganglia anatomy and
connectivity, and to explain the pathophysiology of movement disorders, investigators

have developed several influential models of basal ganglia function. These include, but



are not limited to, the parallel circuit model (Alexander et al., 1986), center-surround
(action selection) model (Mink, 1996; Mink and Thach, 1993), striosome and matrix model
(Brimblecombe and Cragg, 2017; Crittenden and Graybiel, 2011), and the classical model
(Albin et al., 1989; Alexander and Crutcher, 1990; DeLong, 1990). For the purposes of
this dissertation, | will primarily focus on the classical model.

The classical model, also called the rate or standard model, was developed in the
late 1980s and early 1990s by Delong, Albin, Penney, Young, and colleagues (Albin et
al., 1989; Alexander and Crutcher, 1990; DeLong, 1990). This model has critically shaped
our understanding of how the basal ganglia contribute to movement initiation and
suppression. The model divides the basal ganglia into two pathways, the direct and
indirect pathways. At the level of the striatum, GABAergic projection neurons, termed
medium spiny neurons (MSNs), can be divided into direct and indirect pathway neurons
medium spiny neurons (dMSNs and iIMSNs, respectively). These projection neurons
comprise nearly 90% of the striatum in humans, and an even greater proportion in rodents
(Chang et al., 1982; Graveland and DiFiglia, 1985; Penney and Young, 1983). The
remaining <10% of striatal neurons are interneurons: GABAergic interneurons (Tepper et
al., 2010) (including parvalbumin-, calretinin-, and neuropeptide Y-expressing subtypes)
and cholinergic interneurons. Many striatal interneurons are intrinsically spontaneous
active, including striatal cholinergic interneurons and NPY-expressing neurons are
intrinsically active both in vivo and in ex vivo preparations (Inokawa et al., 2010;
Kawaguchi, 1993; Kimura et al., 1984; Wilson et al., 1990), setting them apart from the
mostly quiet MSNs, which are hyperpolarized in ex vivo preparations, and fire between 0-

2 Hz under most conditions in vivo. According to the classical model, activation of the



direct pathway promotes movement by directly suppressing basal ganglia output,
ultimately disinhibiting the thalamus (Albin et al., 1989; Alexander and Crutcher, 1990;
DelLong, 1990). Indirect pathway activation, conversely, suppresses movement by
increasing basal ganglia output via the GPe, STN, and SN, finally inhibiting the thalamus
(Albin et al., 1989; Alexander and Crutcher, 1990; DelLong, 1990). Optogenetic studies in
freely moving mice support the idea that dMSNs and iIMSNs have opposing roles in
movement, and also in behavioral reinforcement (Kravitz et al., 2010; Kravitz et al., 2012).
However, in rodent observational studies, both dMSNs and iIMSNs increase activity at
movement onset, with similar time courses (Cui et al., 2013; Klaus et al., 2017), diverging
from the predictions of the classical model. While the classical model may be
oversimplified, it has generated testable predictions regarding firing rate throughout the
basal ganglia in health and disease, and has served as an important foundation for the
aforementioned models of basal ganglia function.

In addition to their distinct projection targets, direct and indirect pathway neurons
express distinct cellular markers. Direct pathway neurons express the excitatory Gs-
coupled dopamine D1 receptors, whereas indirect pathway neurons express the inhibitory
Gi-coupled dopamine D2 receptor (Gerfen et al., 1990). While direct proof from in vivo
studies is currently lacking, based on in vitro studies, it is believed that dopamine excites
direct pathway neurons and inhibits indirect pathway neurons, via the distinct signaling
cascades associated with D1 and D2 receptors (Hernandez-Lopez et al.,, 1997;
Hernandez-Lopez et al.,, 2000; Planert et al., 2013). In addition to their respective
dopaminergic receptors, dMSNs express the Gio coupled muscaric receptor (M4) and

IMSNs express Gs-coupled adenosine-2a (A2a) receptors. Thus, depending on the
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animal’s behavioral state or context, neuromodulators can exert bidirectional control over
the two pathways (Lerner and Kreitzer, 2011). Neuromodulators are likely to influence
activity in striatal direct and indirect pathway neurons via the unique complement of
receptors found on each striatal cell type.

The classical model also predicts that dopamine loss, as occurs in Parkinson’s
disease (PD), will cause bidirectional changes in the activity of direct and indirect pathway
neurons. The model predicts that the loss of dopamine will disinhibit IMSNs, resulting in
increased firing rates, while loss of dopamine will reduce excitatory effects on dMSNSs,
resulting in decreased firing rates (Albin et al., 1989; DelLong, 1990). Pivotal studies have
shown indirect support for the rate model via in vivo recordings of downstream basal
ganglia nuclei in parkinsonian nonhuman primates and in patients undergoing surgical
treatment of Parkinson’s disease (Bergman et al., 1994; Filion and Tremblay, 1991;
Soares et al., 2004). More recently, additional support for this model comes from single-
unit recordings in optogenetically labeled dMSNs and iMSNs in parkinsonian mice, which
showed a persistent reduction in dMSN activity and increased IMSN activity during
immobility (Ryan et al., 2018). Another recent study, using implanted GRIN lenses to
image calcium signaling in awake-behaving animals, found similar changes in the activity
of dMSNs and iIMSNSs in parkinsonian mice, and revealed changes in how these neurons
encode the spatiotemporal dynamics of locomotion (Parker et al., 2018). However, there
are limitations and inconsistencies within the rate model, to which we point readers to an
excellent review (Ellens and Leventhal, 2013). Using a mouse model of human dyskinesia
in Chapter 2, we will directly assess the predictions of the rate model in direct or indirect

pathway neurons and related cellular mechanisms during involuntary movements.
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As a corollary to this model for basal ganglia dysfunction in parkinsonism, it is
hypothesized that hyperkinetic conditions may also be caused by an imbalance in the two
pathways, including overactivation of the striatal direct pathway or suppression of the
indirect pathway (Albin et al., 1989; DeLong, 1990). This hypothesis has been stated
explicitly for conditions like LID; while dopamine replacement therapy with levodopa
produces relief from akinesia, prolonged use and ongoing degeneration of dopaminergic
neurons leads to vulnerability to LID. Several pieces of direct and indirect evidence from
the striatum (Girasole et al., 2018; Liang et al., 2008; Parker et al., 2018; Ryan et al.,
2018) and downstream basal ganglia nuclei (Boraud et al., 1998; Levy et al., 2001;
Lozano et al., 2000; Papa et al., 1999), as well as studies of striatal gene expression
(Heiman et al., 2014; Jenner, 2008) in patients and animal models, support this
hypothesis. However, as we will demonstrate in Chapter 3 and 4, there is likely
heterogeneity in the response of direct pathway neurons in mediating this behavior. In
sum, the classical model has provided an excellent foundation, as well as a framework to

generate testable hypotheses related to basal ganglia function in disease.

Cellular Mechanisms Underlying Levodopa-Induced Dyskinesia:

There are changes in cellular and circuit function throughout the basal ganglia in
Parkinson’s disease. How these changes might contribute to motor dysfunction is detailed
in an excellent review on this topic (McGregor and Nelson, 2019). Levodopa-induced
dyskinesia (LID) may arise through cellular and circuit vulnerabilities that result from
chronic dopamine depletion (LID only occurs in patients with moderately advanced

disease), but also through the effects of chronic levodopa treatment (in patients, LID
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arises after years of treatment). These two drivers are difficult to disentangle in patients,
who experience the progression of underlying disease and chronic treatment in parallel,
but the fact that dyskinesia develops more quickly in patients who initiate treatment at a
later stage of disease (Aquino and Fox, 2015), and the fact that some persons without
PD who have been chronically (inadvertently) treated with levodopa did not develop
dyskinesias (Huot, 2015), implies that chronic levodopa treatment alone does not explain
LID. Though the causal mechanisms of levodopa-induced dyskinesia are as yet unclear,
there are several strong hypotheses regarding cellular and circuit correlates, based upon
studies in both human patients and animal models of LID.

A longstanding hypothesis in the field suggests that the chronic loss of dopamine,
and/or dopamine replacement, leads to impaired striatal synaptic plasticity. Evidence for
this hypothesis has been found in ex vivo recording studies in toxin-based rodent models
of PD/LID, several of which are highlighted here (Bagetta et al., 2012; Fieblinger et al.,
2014; Jenner, 2008; Picconi et al., 2003; Shen et al., 2015). In rodents of PD, striatal long
term depression (LTD) is reduced (Bagetta et al., 2011; Calabresi et al., 1997; Kreitzer
and Malenka, 2007; Shen et al., 2008), but treatments that restore LTD may also
ameliorate motor symptoms (Kreitzer and Malenka, 2007). In rodent models of LID,
investigators have found evidence of aberrant striatal long term potentiation (LTP),
namely inability to depotentiate previously strengthened excitatory inputs in unidentified
MSNs and dMSNs (Picconi et al., 2003; Shen et al., 2015). Again, pharmacological
agents that restored depotentiation also ameliorated LID (Shen et al., 2015). Evidence of
aberrant plasticity in LID includes altered AMPA/NMDA ratio (implying prior LTP and

insertion of new postsynaptic AMPA receptors), which was observed by another group
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(Bagetta et al., 2012). In hemiparkinsonian mice, motor sensitization to levodopa appears
in part due to increased GABA release from dMSN projections to the SNr, facilitated by
loss of normal GABAs mediated inhibition (Borgkvist et al, 2015). This elegant study
implied some forms of PD/LID-associated plasticity could occur outside of the striatum.
A related idea is that the number or distribution of synaptic inputs changes in
PD/LID. Indeed, using various methods, investigators have found anatomical changes in
presumed corticostriatal and thalamostriatal synapses in the brains of Parkinson’s
disease patients, such as reduction in the number of spines or changes in postsynaptic
morphology in the caudate/putamen (McNeill et al., 1988; Villalba and Smith, 2018). Many
similar observations have been made in animal models of disease (Day et al., 2006;
Ingham et al., 1989; Smith and Villalba, 2008; Villalba et al., 2009; Villalba and Smith,
2018). In LID, several investigators have reported a reduction in spine density, but
enlarged striatal spines (Nishijima et al., 2014), which might suggest a strengthening or
reorganization of residual excitatory corticostriatal input. However, other studies have
found a differential changes in direct and indirect pathway striatal spines in models of LID
(Fieblinger et al., 2014; Suarez et al., 2014). The sensorimotor striatum receives
excitatory synaptic input from all over the brain (Berendse and Groenewegen, 1990;
Gerfen, 1992; Gerfen and Bolam, 2010; Hunnicutt et al., 2016; Smith et al., 2011), but
these inputs might be re-weighted by chronic dopamine depletion and/or dopamine
replacement therapy (Fieblinger and Cenci, 2015; Fieblinger et al., 2014; Nishijima et al.,
2014; Suarez et al., 2014; Zhang et al., 2013). However, a comprehensive mapping of

striatal inputs in dopamine-depleted or dopamine depleted and levodopa treated mice
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has never been conducted. In Chapter 4, we will directly test whether LID is associated
with pathway-specific changes in the distribution or function of striatal inputs.
Researchers have also hypothesized that changes in signaling, such as altered
dopamine receptor expression or downstream signaling cascades may occur in
parkinsonian animals with chronic levodopa treatment. Postsynaptic dopamine receptors
have been an area of focus, as they are the direct target of dopamine projecting neurons
from the midbrain. Indeed, many studies have focused on looking at expression of striatal
D1-like (D1 and D5 receptors) and D2-like (D2, D3, and D4 receptors) in LID. Surprisingly,
however, there is little agreement in the field from studies in postmortem human or animal
tissue that dopamine receptor density changes in PD/LID (Hurley and Jenner, 2006). It
is worth noting that several studies have seen an increase in the density of D1 receptors
in the striatum of MPTP-treated primates. (Aubert et al., 2005; Guigoni et al., 2005;
Guigoni et al., 2007). Additionally, changes in D2 receptor expression are variable (Hurley
and Jenner, 2006). However, other investigators have focused on the intracellular
effectors of these receptors. One of the downstream pathways of dopaminergic signaling
that also contributes to receptor desensitization, the beta-arrestin pathway, has been
implicated in LID (Urs et al., 2015). One of the common findings across many models and
labs, however, is the increased expression of transcription factors like immediate early
genes (IEGSs) in the striatum of dyskinetic rodents and primates (Andersson et al., 1999;
Andersson et al., 2003; Berton et al., 2009; Cao et al., 2010; Westin et al., 2001). These
IEGs are believed to be surrogates of neuronal activity, and include c-Fos, FosB, and
AFosB. Striatal expression of IEGs correlates with dyskinesia severity (Berton et al.,

2009) and intrastriatal infusion of anti-sense oligonucleotides targeting FosB and AFosB
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have been shown to decrease dyskinesia severity (Andersson et al., 1999), while
overexpression of AFosB in the striatum reproduces dyskinesia (Cao et al., 2010),
suggesting that changes in striatal activity and/or associated intracellular signaling may
causally contribute to dyskinesia. Taken together, many molecular changes may play a
role in the development and expression of levodopa-induced dyskinesia. In Chapter 3,
we will take advantage of these IEGs in LID through the use of an activity-dependent
mouse line to “capture” dyskinesia-associated neuron ensembles. Finally, in Chapter 4,
we will investigate whether changes in dopamine receptor sensitivity are preferentially
expressed in these dyskinesia-associated neurons.

Based on the foundational work across many neuroscience disciplines, we
formulated the hypothesis the striatum was the causal locus within the basal ganglia that
is capable of producing dyskinesia. During my thesis | explored this topic using a variety
of experimental techniques, including in vivo and ex vivo electrophysiology, optogenetics,
monosynaptic rabies tracings, immunohistochemistry and two mouse models of
dyskinesia. The remaining chapters of this dissertation will expound on our discoveries
highlighting the cells, circuits, and patterns of activity within the basal ganglia that are

involved in the production of hyperkinetic movement disorders.
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Figure 1. Simplified basal ganglia circuit diagram. Basal ganglia nuclei and their major
connections in primates (top) in coronal view and in rodents (bottom) in sagittal view.
Many additional connections between nuclei have been omitted for clarity. In both panels,
the direct pathway is shown in blue, the indirect pathway is shown in red, and the
hyperdirect pathway is in green. Black arrows represent connections share by multiple
pathways. Blue and red dots in primate caudate/putamen and rodent striatum represent
direct pathway-forming and indirect pathway-forming medium spiny neurons,
respectively. Abbrevations: GPe, globus pallidus, pars externa; GPi, globus pallidus, pars
interna; SNc, substantia nigra, pars compacta; SNr, substantia nigra, pars reticulata;
STN, subthalamic nucleus.
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CHAPTER 2
Striatal indirect pathway dysfunction underlies motor deficits in a

mouse model of human dyskinesia
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2.1 Abstract

Abnormal involuntary movements, or dyskinesias, are seen in many neurological
diseases, including disorders where the brain appears grossly normal, suggesting circuit
dysfunction may be a root cause. Using unsupervised gene co-expression analysis, we
identified co-expression modules in human striatum that are enriched with dyskinesia
genes and markers of indirect pathway projection neurons (iMSNs). Among the genes in
these dyskinesia modules is PNKD, which is causative for paroxysmal nonkinesigenic
dyskinesia (PNKD). We used electrophysiological, optogenetic, and chemogenetic
techniques to evaluate basal ganglia circuit function in a transgenic mouse model of
PNKD. We find that dyskinesia bouts in PNKD mice are caused by a transient loss of
IMSN activity, likely driven by aberrant endocannabinoid-mediated suppression of
excitatory presynaptic terminals. These data provide both genetic and functional evidence
for dysfunction of striatal IMSNSs in the etiology of dyskinesia, and may guide development
of new treatments for dyskinesias based on selective modulation of basal ganglia

circuitry.
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2.2 Introduction

A number of neurological disorders are characterized by abnormal involuntary
movements, including neurodegenerative conditions like Huntington’s disease and
disorders where the brain appears grossly normal, such as many forms of dystonia. While
the physiological basis of such abnormal movements, or dyskinesias, is unknown, several
lines of evidence suggest that basal ganglia circuit dysfunction may be a key factor. First,
in secondary dyskinesias, where anatomical abnormalities are seen on imaging or
pathological examination, lesions are most commonly found in the basal ganglia
(Albanese et al., 2013). Second, some forms of dyskinesia are triggered by drugs that are
believed to act on receptors concentrated in the basal ganglia, such as dopamine
receptors (Burkhard, 2014). Third, abnormal neural activity has been found in basal
ganglia recordings from humans with involuntary movements, such as dystonia (Schrock
et al., 2009) and levodopa-induced dyskinesia (Levy et al., 2001; Lozano et al., 2000;
Papa et al.,, 1999). Finally, in several forms of dyskinesia, basal ganglia deep brain
stimulation (DBS) relieves motor symptoms (Deep-Brain Stimulation for Parkinson's
Disease Study, 2001; Kumar et al., 1998; Vidailhet et al., 2005), suggesting that circuit
dysfunction is a root cause. However, recent studies have also found abnormal activity in
the cerebellum (Calderon et al., 2011; Fremont et al.,, 2017; Fremont et al., 2015),
indicating broader network dysfunction in some forms of dystonia.

The standard model of basal ganglia function posits that two main pathways, the
direct and indirect pathways, have roughly opposing functions in regulating movement
(Albin et al., 1989; DeLong, 1990). These two pathways originate in the input nucleus of

the basal ganglia, the striatum. In its simplest formulation, activity in the direct pathway is
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hypothesized to promote or invigorate movements, while activity in the indirect pathway
broadly suppresses movements. Consistent with this idea, optical stimulation of direct
pathway projection neurons (AMSNSs) leads to increased movement, while stimulation of
indirect pathway projection neurons (iIMSNs) causes freezing (Kravitz et al., 2010). In
vivo, both pathways are co-active (Cui et al., 2013; Isomura et al., 2013), but show
decorrelations on rapid timescales that may be critical for action selection (Markowitz et
al., 2018). More specific formulations of the classical model have suggested that the
indirect pathway mediates a broad suppression of competing motor programs (Mink,
1996) or action-specific suppression of competing movement features (Klaus et al.,
2017). In either case, failure to activate the indirect pathway could lead to simultaneous
selection of competing movement plans, resulting in both voluntary and involuntary
movements. While some electrophysiological recordings from basal ganglia output nuclei
are consistent with this hypothesis (Levy et al., 2001; Lozano et al., 2000; Papa et al.,
1999), other data suggest that burst firing or oscillatory activity may be a stronger
correlate of dyskinesias (Halje et al., 2012; Singh et al., 2015; Swann et al., 2016).
Despite recent advances in understanding basal ganglia circuit function, progress
has been hampered on the key question of whether abnormal activity in striatal circuitry
causes dyskinesia. This can be attributed both to the diverse set of genes and conditions
that give rise to dyskinesia, as well as to a scarcity of mouse models that show the types
of involuntary movements seen in human patients. Here, we leveraged the rich human
genetics of dyskinesia to identify putative striatal cell types implicated in motor
dysfunction, using unsupervised gene co-expression analysis (Kelley et al., 2018).

Among the dyskinesia genes most strongly associated with these striatal co-expression
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modules was PNKD, mutations in which cause paroxysmal nonkinesigenic dyskinesia
(PNKD) in humans, and a similar dyskinetic phenotype in a BAC transgenic mouse model
(Lee et al., 2012; Lee et al., 2004; Rainier et al., 2004). PNKD is characterized by attacks
of involuntary movements triggered by stress, caffeine, or ethanol. As in many
hyperkinetic disorders, the gross brain structure of PNKD patients (Liang et al., 2015) and
mice (Lee et al., 2012) appears normal. Although the PNKD protein is widely expressed
in neurons and at synapses in the CNS (Lee et al., 2004), its function is unknown.

Evidence suggests that wild-type PNKD protein could play a role in redox status
and protein degradation (Shen et al., 2011), and more specifically regulating exocytosis
and synaptic transmission via stabilizing interactions with active zone proteins, RIM1 and
RIM2 (Shen et al., 2015). Given this potential function, abnormal PNKD protein may
trigger circuit dysfunction and dyskinesia at the level of the striatum. The striatum is the
site of highest expression for dopamine and adenosine A2a receptors in the brain (Dearry
et al.,, 1990; Rosin et al., 1998; Weiner et al., 1991). In PNKD mutant mice, striatal
dopamine signaling is altered (Lee et al.,, 2012), and the adenosine A2a antagonist,
caffeine, triggers dyskinesia. These observations suggest that in PNKD, the combination
of pharmacological triggers that target the striatum and baseline abnormalities in synaptic
function may create a predisposition to developing abnormal striatal activity and
dyskinesia.

Because PNKD is an episodic disorder, it is particularly useful in understanding
the physiological changes that occur during the onset of a dyskinetic attack. Therefore,
we combined a transgenic mouse model of PNKD with in vivo electrophysiology,

optogenetics, and chemogenetics to examine whether basal ganglia dysfunction—and
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IMSN dysfunction in particular—causes dyskinesia. Using this approach, we found that in
PNKD mice, episodes of dyskinesia are associated with a profound loss of IMSN activity.
Furthermore, inhibition of IMSNs is both necessary and sufficient for the production of
dyskinesia in this model. Finally, we found evidence for dysregulation of
endocannabinoid-mediated synaptic plasticity at excitatory inputs to iIMSNs, which may

underlie their aberrant suppression during dyskinesia.
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2.3 Results

Involuntary movements, including dystonia, are a feature of several human
neurological disorders, each of which is likely to have distinct pathogenesis. No unifying
neuropathological correlate has been identified across these many individual disorders,
implying abnormal activity and/or connectivity may lead to dyskinesia. Though we
hypothesized that the striatum may be a key region, functional changes in a number of
brain regions may be responsible. As a first step in narrowing this focus, we explored
whether dyskinesia-associated genes are more strongly enriched among genes that are
co-expressed in the striatum, as compared to other brain regions, utilizing existing
postmortem gene expression datasets from neurotypical adult humans. We performed
unsupervised gene co-expression analysis of 53 datasets representing 6336 human brain
samples by aggregating data from nine studies (Table S1) (Kelley et al., 2018). We
performed enrichment analysis using a set of previously-published dyskinesia-associated
genes (Table S2) in co-expression modules identified in each dataset. Consistent with
our hypothesis, this analysis revealed the greatest enrichment of dyskinesia genes in co-
expression modules from the human striatum (Figure 1A).

The striatum is composed of multiple cell types, including the principal neurons,
direct and indirect pathway medium spiny neurons (dMSNs and iIMSNSs, respectively),
interneurons (including cholinergic and parvalbumin-positive interneurons), and glia.
Changes in the function of any one of these cell types might contribute to dyskinesia
pathogenesis and/or pathophysiology. To determine whether the striatal co-expression
modules that were enriched with dyskinesia genes (i.e. ‘dyskinesia modules’) were

associated with distinct cell types, we analyzed enrichment for known cell-type markers
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of dMSNs, iIMSNSs, cholinergic interneurons, fast-spiking interneurons, and glia. We found
that dyskinesia modules were significantly enriched with markers of iMSNs (Figure 1B).
These findings indicate that IMSNs may be a key cell type dysregulated across multiple
types of dyskinesia.

To determine the affinity of each gene for each dyskinesia module, we calculated
the weighted gene coexpression network analysis measure of intramodular connectivity,
or kmve (defined as the Pearson correlation between the expression pattern of a gene and
the first principal component of a dyskinesia module) (Langfelder & Horvath, 2008). kve
values for significant dyskinesia modules were aggregated over all striatal gene
expression datasets to produce a single metric (z-score), which ranks all genes in the
genome for their similarity to the consensus dyskinesia module. Several of the dyskinesia-
associated genes appear at the upper end of this distribution, including ANO3, a recently
identified calcium-activated chloride channel highly expressed in the striatum, mutations
in which are associated with cervical dystonia (Charlesworth et al., 2012); PDE10A, a
phosphodiesterase highly expressed in striatal neurons, implicated in the mechanisms of
levodopa-induced dyskinesia, and mutations in which are associated with childhood onset
chorea (Mencacci et al., 2016); and PNKD, a gene associated with paroxysmal
nonkinesigenic dyskinesia (Figure 1C). We also found that PNKD gene expression had a
higher correlation with iIMSN than with dMSN-associated genes (Figure 1D). Together,
these genetic data indicate that dyskinesia-related genes are significantly enriched
among genes that are co-expressed in the striatum, and specifically point to the indirect

pathway as a potential site of dysfunction.
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To explore the role of the indirect pathway in dyskinesia, we utilized a PNKD
mouse model of dyskinesia. In both patients and mice with this disorder, caffeine, alcohol,
or stress triggers attacks of involuntary movements lasting several hours (Lee et al.,
2012). Approximately 5-10 minutes after intraperitoneal (IP) injection of caffeine (25
mg/kg), wild-type (WT) mice develop mild hyperactivity, but PNKD mice develop markedly
abnormal movement, including repetitive licking, gnawing, choreiform movements of the
forepaws, and intermittent dystonic postures (Figure 2A,B), as has been reported
previously (Lee et al., 2012). Similarly, after IP administration of ethanol (1.5 g/kg), WT
mice show little qualitative change in behavior, but PNKD mice develop severely
abnormal movements (Figure S1A). As has been reported previously (Lee et al., 2012),
ethanol tends to trigger more severe attacks than does caffeine in PNKD mice, with more
prominent and prolonged dystonia. During these more severe ethanol-induced attacks,
the overall movement velocity of mice was reduced (Figure S2B), which was rarely
observed in caffeine-treated animals (Figure S2C). For this reason, we focused on
caffeine-induced attacks in the majority of our subsequent studies. These attacks induced
abnormal movements without causing substantive reductions in overall movement. Given
the known relationship of neuronal firing or other measures of activity to movement
velocity (Cui et al., 2013; Isomura et al., 2013; Jin et al., 2014; Markowitz et al., 2018;
Parker et al., 2018), we reasoned that profound reductions in overall movement could be
a confound in studying basal ganglia physiology during dyskinesia.

To date, no definitive evidence indicates what site in the brain causes dyskinesia
in PNKD. However, current theories regarding the pathophysiology of dyskinesias, our

genetic data, as well as clues related to the PNKD protein (Shen et al., 2015), suggest
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the striatum may be a key site. To determine whether dyskinesia could be triggered by
local caffeine infusion in the striatum, we implanted infusion cannulae in the dorsolateral
(sensorimotor) striatum of PNKD mice and WT littermates (Figure 2C). The site and extent
of drug diffusion was confirmed postmortem after in vivo infusion of a lipophilic dye, FM4-
64X (Figure S1D-E). Saline infusion did not trigger dyskinesias in WT or PNKD mice
(Figure 2D left). However, caffeine infusion reliably triggered dyskinesia in PNKD mice
(Figure 2D right, p=0.026 compared to WT mice). The ability of local striatal caffeine to
reproduce the behavioral effects of systemic caffeine administration suggested that
abnormalities in striatal function are critical for dyskinetic attacks in PNKD.

We took advantage of the paroxysmal nature of this disorder to investigate the
activity of striatal neurons during dyskinetic attacks, using multi-electrode arrays
implanted in the dorsolateral striatum (Figure 2E; Figure S1F-H). The single-unit activity
of striatal MSNs was assessed before and after drug injection in PNKD mice and their
WT littermates during open field behavior. In the non-dyskinetic state (prior to any drug
injections), the firing rates of MSNs recorded in WT mice (Figure S2I, 1.33 + 0.18
spikes/sec; n=376 units; N=12 mice) did not differ from those recorded in PNKD animals
(Figure S2J, 1.40 + 0.10 spikes/sec; n=350 units; N=16 mice; p=0.13, Mann-Whitney).
Caffeine injection triggered mild hyperactivity and a modest increase in the average MSN
firing rate in WT animals to 1.61 + 0.09 spikes/sec (Figure 2G, Figure S2I; n=230 units;
N=12 mice; p=0.0013, signed-rank), with individual neurons showing both increases and
decreases in firing rate (Figure 2F). Surprisingly, in PNKD animals, caffeine triggered a
decrease in the average firing rate to 0.79 £ 0.18 spikes/sec (Figure 2G, Figure S2J;

n=205 units; N=16 mice; p<0.0001, signed-rank) in parallel with dyskinesia. We next
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investigated whether ethanol injection also altered the firing of MSNs in PNKD mice.
Though a rapid decrease in firing rate was observed in both WT and PNKD mice following
ethanol injection (Figure S2K), a more sustained decrease in firing was observed in PNKD
mice (to 0.57 +/- 0.10 spikes/sec, n=139 units; N=16 mice) as compared to WT mice (1.16
+/- 0.12 spikes/sec, n=133 units; N=12 mice). The average firing rate of MSNs was even
lower in ethanol- versus caffeine-triggered attacks in PNKD mice (p for comparison here),
perhaps related to the severity of attacks. Thus, in contrast to other models of dyskinesia
and/or dystonia (Gernert et al.,, 1999; Liang et al., 2008), reduced striatal single-unit
activity was observed during dyskinesia. Given the hypothesis that dyskinesias may be
associated with increases in dMSN activity, decreases in IMSN activity, or both, these
findings raise the possibility that a reduction in iIMSN firing causes abnormal involuntary
movements in PNKD.

To specifically record from striatal dAMSNs or iIMSNs, we used an optogenetic
labeling approach (Jin et al., 2014; Kravitz et al., 2013). In Cre recombinase mouse lines
that selectively label neurons composing the two pathways (Drd1-Cre (D1-cre) and
Adora2a-Cre (A2a-Cre) for the direct and indirect pathway, respectively (Gong et al.,
2007), we performed single-unit recordings in freely moving animals previously injected
with an AAV encoding Cre-dependent channelrhodopsin-2 (ChR2, Figure 3A, Figure
S3A). Positively-identified units showed short-latency firing (<15 msec; see Methods) to
blue light pulses (Figure 3B, Figure S3B). Based on classical models of basal ganglia
function (DeLong, 1990), the development of hyperactivity and/or involuntary movements
is predicted to result from an increase in direct pathway activity, a decrease in indirect

pathway activity, or both.
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At baseline, the firing rate of optogenetically-identified dMSNs did not differ
between WT (Figure S3C; 1.72 + 0.22 spikes/sec; n=66 dMSNs; N=5 mice) and PNKD
animals (Figure S3D; 1.66 £+ 0.31 spikes/sec; n=32 dMSNs; N=6 mice; p=0.33). The
baseline firing rate of IMSNs also did not differ between WT (Figure S3E; 1.42 £+ 0.28
spikes/sec; n=34 iIMSNs; N=4 mice) and PNKD (Figure S3F; 1.40 + 0.17 spikes/sec; n=68
IMSNs; N=7 mice; p=0.59). After caffeine injection, individual dMSNs showed increases,
decreases, or no change in firing rate in both WT and PNKD animals (Figure 3C, Figure
S3C-D). On average, dMSNs showed an increase in firing rate following caffeine injection
in WT animals (p=0.008), but not in PNKD animals (p=0.32). These experiments indicated
that changes in striatal dMSN firing rate were not a physiological correlate of caffeine-
induced dyskinetic attacks in PNKD mice.

An alternative explanation is that iIMSN activity decreases during dyskinetic
attacks. In support of this hypothesis, we found significant changes in iIMSN activity that
developed in parallel with dyskinesia in PNKD mice. In WT iMSNSs, a variety of individual
responses were seen (Figure S3E), but average firing rate was unchanged after caffeine
injection (Figure 3D, n=21 IMSNs, N=4 mice; p=0.59). In contrast, the firing rate of PNKD
iIMSNs decreased (Figure 3D, Figure S3F), on average to 0.09 + 0.03 spikes/sec (n=38
IMSNSs, N=7 mice; p<0.0001). To investigate how the caffeine-triggered decrease in IMSN
activity might be related to dyskinesia in PNKD mice, we looked more closely at the timing
of firing rate and behavioral changes. In all but one PNKD iMSN recorded, the firing rate
decreased significantly (see Supplementary Methods) prior to the onset of dyskinesia
(Figure 3F). In extended recording sessions lasting 4-6 hours, the timing of IMSN firing

rate changes closely paralleled both the onset and offset of dyskinesia, with decreased
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firing rate during dyskinesias and restoration of baseline firing rate at the time of
behavioral recovery (Figure 3E, Figure S3G). These findings indicate that in PNKD mice,
caffeine-induced dyskinesia is tightly correlated with suppression of iIMSN firing.

We also recorded from optically-identified dMSNs and iIMSNs before and after
ethanol treatment. In WT mice, ethanol induced a modest reduction in the firing rate of
dMSNSs (Figure S2H, n=28, N=5, p=0.005), but did not significant alter iMSN firing rate
(Figure S2I, n=13, N=4, p=0.13). Like caffeine, ethanol triggered profound decreases in
IMSN firing in PNKD mice (S2I, n=30, N=7, P=0.0005). Though variable, we found that
ethanol-induced attacks were also accompanied by decreases in the activity of dMSNs
(Figure S2H, n=14, N=4, p=0.02). These differences between the effects of ethanol and
caffeine on physiology may reflect the differences in the effects of the two drugs on normal
locomotion (in both WT and PNKD mice), and the severity of ethanol-induced attacks in
PNKD mice (see Figure 2A, Figure S1A). Ethanol reduces movement modestly in wild-
type mice, and more profoundly reduces overall movement in PNKD mice (Figure S1B).
In healthy animals, the activity of both dMSNs and iIMSNSs is known to correlate with
movement velocity over a variety of timescales (Klaus et al., 2017; Markowitz et al., 2018)
(Ryan et al., 2018). Thus, the activity of both dMSNs and iIMSNs would be expected to
decrease during the periods of reduced movement seen following ethanol treatment.
Such a reduction in overall movement was not observed during caffeine-induced attacks
(Figure S1C).

Loss of IMSN activity and dyskinesia are strongly correlated in PNKD, but these
findings do not demonstrate causality. Indeed, dyskinesia may be characterized by

changes in activity in many brain regions, some causative and others the result of the
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altered experience of a dyskinetic animal. To determine whether inhibition of IMSN activity
is sufficient to cause dyskinesia in the absence of caffeine, we employed a chemogenetic
approach. We expressed the inhibitory DREADD, hM4D(Gi-coupled) or a control
fluorophore (mCherry) in iIMSNs of the dorsolateral striatum of both WT;A2a-Cre and
PNKD;A2a-Cre mice (Figure 4A,F). To validate the use of hM4D, we first performed
whole-cell ex vivo recordings in brain slices from a subset of mice co-injected with Cre-
dependent ChR2-eYFP (Figure 4A). Brief blue light pulses evoked spiking in ChR2-eYFP
positive iIMSNs (Figure 4B). Voltage-clamp recordings in postsynaptic eYFP-negative
MSNs (Figure 4C) or globus pallidus pars externa neurons (GPe, Figure 4D) showed
light-evoked inhibitory currents. As expected (Bock et al., 2013; Stachniak et al., 2014),
application of the DREADD agonist clozapine-N-oxide (CNO, 1 pyM) inhibited iIMSN
synaptic output onto both intrastriatal and pallidal targets (Figure 3C-E; n=13 striatal, n=5
GPe cells, N=5 mice, p=0.0016). We repeated these experiments in slices from
PNKD;A2a-Cre mice, and found that CNO also reduced light-evoked IPSC amplitude in
the striatum and GPe (Figure 3E; n=7 striatal, n=5 GPe cells, N=3 mice, p=0.03),
confirming that the Gi-coupled DREADD worked at least as well in PNKD animals. Using
whole-cell current-clamp recordings, we also observed a modest hyperpolarization of
resting membrane potential in mCherry-positive iIMSNs after CNO application (Figure 3E;
2.7 +/- 1.1 mV; n=7 iIMSNs, N=2 mice), as has been seen in other studies using the Gi-
DREADD in the striatum (Kozorovitskiy et al., 2012).

To determine whether activating Gi-DREADDs in striatal iIMSNs could cause
dyskinesia, we tested the effects of CNO on animals in the open field. After habituation

to daily IP saline injections (Figure 4G), we scored motor behavior after injection of saline
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or CNO. Administration of saline did not alter behavior in any of the four groups (N=6-10
mice per group; Figure 4H,I, left). CNO administration (1 mg/kg) did not result in abnormal
movements in mCherry-injected WT;A2a-Cre or PNKD;A2a-Cre mice (N=6-8 mice per
group, p=0.373, 0.17, respectively) or in Gi-DREADD-injected WT mice (N=8 mice,
p=0.9), but in Gi-DREADD-injected PNKD;A2a-Cre mice, CNO triggered dyskinesia (N=9
mice, p<0.0001; Figure 4H,I, right). Though they showed qualitatively similar changes in
movement to those seen in PNKD mice treated with caffeine, CNO treatment in
PNKD;A2a-Cre GI-DREADD mice produced less severe dyskinesia (average dyskinesia
scores at 40-60 minutes 6.7 vs 8.1; p=0.008). These results demonstrate that reducing
CAMP levels in IMSNSs is sufficient to cause dyskinesia in PNKD mice, but not WT mice.

To determine whether enhancing iIMSN cAMP signaling might blunt dyskinesia, we
used the activating DREADD hM3D(Gs-coupled) in PNKD;A2a-Cre mice (Figure 5A).
After habituation to IP injections, saline or CNO was administered 20 minutes prior to
injection with caffeine (Figure 5B, top). If reductions in IMSN activity are required for
dyskinesia in PNKD mice, then pretreatment with CNO should reduce the severity of
caffeine-induced dyskinetic attacks. While pretreatment with saline did not prevent
caffeine-induced attacks, pretreatment with CNO reduced dyskinesia in Gs-DREADD-
expressing mice, as compared to mCherry-expressing controls (N=9-10 mice per group;
p=0.00028 Figure 5B, bottom), suggesting that reductions in iIMSN activity are necessary
for dyskinesia in PNKD.

To determine whether activating the Gs-DREADD prevented caffeine-induced
reductions in IMSN firing in PNKD mice, we injected PNKD;A2a-Cre mice with bilateral

Cre-dependent Gs-DREADD as well as unilateral Cre-dependent ChR2, and implanted
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optrode arrays (Figure 5C top, Figure S5A). We then performed single-unit recordings
from the DLS during experiments in which saline or CNO was administered prior to
caffeine (Figure 5C). Saline injection alone did not significantly impact the firing of
unidentified MSNs (Figure S5B-C, n=64, N=3, p=0.76) or optically-identified iIMSNs
(Figure S5D, n=16, N=3, p=0.89). Saline pretreatment did not prevent caffeine-induced
reductions in the firing rate of unidentified MSNs or iIMSNSs (Figure 5C bottom, n=22, N=3,
p=0.005 and n=6, N=3, p=0.01, respectively). CNO treatment alone did not significantly
alter the firing of MSNs overall (Figure S5C, n=41, N=3, p=0.38), but CNO pretreatment
prevented caffeine-induced reductions in firing rate in both unidentified MSNs (Figure 5C
middle, n=36, N=3, p=0.59) and identified iMSNs (Figure 5C bottom, n=6,N=3, p=0.60).
These results demonstrate that chemogenetic activation of IMSNs can prevent both the
physiological and behavioral effects of caffeine on iIMSNSs.

To further investigate the mechanism underlying onset of dyskinesia, we reasoned
that caffeine—an antagonist at Gs-coupled adenosine A2a receptors—might trigger
dyskinetic attacks in PNKD through regulation of either the intrinsic excitability of IMSNs
or the strength of their excitatory inputs. Within the basal ganglia and its connections, G-
protein-coupled A2a receptors are selectively expressed on striatal IMSNs (Schiffmann
et al., 1991), which might account for the cell-type selectivity of the inhibition we observed
during caffeine-induced attacks in PNKD mice. In order to test whether the intrinsic
excitability of dAMSNs or iIMSNs was altered in PNKD mice, we performed whole-cell ex
vivo recordings in slices of PNKD;D1-tdTomato mice or WT controls, in which dMSNs and
iIMSNs can be visually identified (Figure S4A,5A)(Shuen et al., 2008). In order to reduce

the likelihood of stress-induced dyskinetic attacks around the time of sacrifice, we
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habituated animals to daily saline injections prior to preparation of brain slices. As these
brain slices should represent the non-dyskinetic state in PNKD mice, we hypothesized
that basic electrophysiological properties would not differ between neurons in PNKD and
WT mice. We found that input resistance did not differ between dMSNs from WT (104+/-
10 Mohms, n=24 cells, N=7 mice) and PNKD slices (118+/-18 Mohms, n=20 cells, N=4
mice, p=0.25). Resting membrane potential was also comparable in dMSNs from WT (-
85.1+/-1.6 mV) and PNKD slices (-86.1+/-1.3 mV, p=0.95). To measure excitability, we
injected current steps of varying amplitude, and measured the output firing rate (Figure
S4A). The rheobase (minimum current to evoke a spike) was similar in dMSNs from WT
(400 +/- 30 pA) and PNKD slices (355+/-22 pA, p=0.26). The average slope of the input
current-output firing relationship (firing response gain) was not significantly different
between dMSNSs recorded in WT (Figure S4B; 53+/-4 spikes/sec/nA) versus PNKD slices
(49+/-4 spikes/sec/nA, p=0.25). The similar ex vivo physiological properties of WT and
PNKD dMSNs are consistent with the comparable baseline firing rates we observed in
dMSNss in freely moving mice.

We next examined whether acute caffeine application could evoke changes in the
excitability of dMSNs in WT or PNKD slices. As dMSNs do not express A2a receptors
(Schiffmann et al., 1991), we reasoned caffeine was unlikely to trigger significant changes
in excitability. Indeed, acute caffeine application did not alter dMSN firing response gain
in WT (Figure S4C-D; n=7, N=5, p>0.05) or PNKD slices (Figure S4E-F; n=7, N=4,
p>0.05). These results are consistent with the hypothesis that dAMSNs are minimally

modulated by caffeine.
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We next examined the intrinsic excitability of IMSNs from WT and PNKD mice,
using the same methods. Resting membrane potential did not differ between iIMSNs
recorded in WT (-89.2 +/- 1.9 mV, n=22, N=8) and PNKD mice (-89.4 +/- 1.6 mV, n=22,
N=4, p=0.66). Input resistance was also similar in iIMSNs from WT (160 +/- 15 Mohms)
and PNKD slices (136 +/- 10 Mohms, p=0.25). We were able to confirm the previously
reported finding (Day et al., 2008; Kreitzer and Malenka, 2007; Planert et al., 2013) that
iIMSNs are more excitable than dMSNs (here measured by rheobase; compare Figure
S4B, S5B, p=0.04), but we did not observe differences in the rheobase (p=0.87) or firing
response gain (p=0.16) of WT and PNKD iMSNs (Figure S5A-B). If the dyskinesia-
associated reductions in the firing rate of PNKD iMSNs in vivo were mediated by
reductions in intrinsic excitability, we would expect to see a decrease in intrinsic
excitability in response to caffeine application. However, caffeine did not trigger notable
differences in the evoked firing of IMSNs in WT (Figure S5C-D, n=12, N=4, p=0.39) or
PNKD slices (Figure S5E-F, n=7, N=4, p>0.05). The negligible effects of caffeine on
intrinsic excitability of IMSNs are consistent with previously published evidence
suggesting that A2a receptors primarily modulate excitatory synaptic inputs onto iMSNs
(Higley and Sabatini, 2010).

A2a receptors are known to regulate endocannabinoid release, which is implicated
in synaptic depression on both short and long timescales (Gerdeman et al., 2002; Lerner
and Kreitzer, 2012; Narushima et al., 2006; Shen et al.,, 2008). Endocannabinoid-
dependent long-term depression (LTD) is presynaptically expressed and characterized
by a reduction in the probability of transmitter release and decreased miniature excitatory

postsynaptic current (MEPSC) frequency, but not amplitude (Choi and Lovinger, 1997a,
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b). To test whether excitatory synaptic transmission is altered onto dMSNs or iIMSNs in
PNKD mice, we performed whole-cell voltage-clamp recordings from dMSNs and iMSNSs,
as described above (Figure 6A, 7A). We compared slices from mice representing three
conditions: WT mice, PNKD mice in the non-dyskinetic state, and PNKD mice in the
dyskinetic state (a dyskinetic attack was induced just prior to preparation of brain slices).
In one set of experiments, we measured miniature excitatory postsynaptic currents
(mEPSCs) in dMSNs (Figure 6B). We saw no significant differences in mEPSC amplitude
(Figure 6C, p=0.45 ANOVA) or frequency (p=0.42 ANOVA, Figure 6D) between the three
groups (n=21-31 neurons and N=6-13 mice per group). Furthermore, we did not observe
acute changes in dMSN mEPSC amplitude or frequency after application of caffeine in
PNKD slices (data not shown, n=9, N=4, p>0.05). We observed similar evoked EPSCs in
dMSNS from WT and PNKD slices (Figure 6E), as measured by pulse ratio (PPR; Figure
6E; n=22,24 cells, N=5,6 mice respectively; p=0.83). These findings in ex vivo recordings
indicate PNKD is not associated with marked changes in dMSN excitability or synaptic
function.

Based on our in vivo recordings, we predicted marked changes in iIMSN synaptic
function in ex vivo slices from PNKD mice in the dyskinetic state. We first measured
MEPSCs in iIMSNs from WT mice, non-dyskinetic PNKD mice, and dyskinetic PNKD mice
(Figure 7B). Though mEPSC amplitude was similar across the groups (Figure 7C), we
observed small (9-12%), but significant differences between cells from WT mice (n=37,
N=15), non-dyskinetic PNKD mice (n=21, N=5) and dyskinetic PNKD mice (n=22, N=7,
p=0.0018, Kruskal Wallis). However, IMSN mEPSC frequency was more substantially

(25-38%) reduced in slices from dyskinetic PNKD mice as compared to WT littermates or
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non-dyskinetic PNKD mice (Figure 7D; p=0.0003). We could elicit similar acute reductions
in mEPSC frequency by applying caffeine on slices from non-dyskinetic PNKD mice
(Figure 7B-C, n=8, N=3, p<0.05). Together, these results support the idea that there may
be a reduction in the number of excitatory synapses and/or probability of release onto
iIMSNs in dyskinetic PNKD animals, consistent with observations of altered exocytosis in
PNKD (Shen et al., 2015). Also consistent with a reduction in the probability of release,
we found increased PPR of evoked EPSCs in PNKD iMSNs (Figure 7E; n=23 cells per
group; N=8,11 mice; p=0.016). If these reductions in excitatory synaptic input onto iMSNs
were the result of in vivo LTD, we predicted LTD might be occluded in ex vivo slices from
dyskinetic animals. To test this hypothesis, we recorded evoked EPSCs before and after
a standard high frequency (HFS) LTD protocol (Kreitzer and Malenka, 2007; Lerner and
Kreitzer, 2012). In iMSNs from WT slices, LTD was robust (Figure 7F; n=10 cells; N=6
mice; p=0.008), but in IMSNs from PNKD animals, LTD was absent (n=8 cells; N=7 mice;
p=0.15), suggesting it might be occluded. One of the major cellular mechanisms in
presynaptic striatal LTD is release of endocannabinoids and CB1 receptor-dependent
alterations in the probability of vesicle release at the presynaptic terminal (Kreitzer and
Malenka, 2007). If this machinery had already been engaged in PNKD mice in vivo, then
further endocannabinoid-mediated reductions in synaptic responses would be smaller
than otherwise predicted. Indeed, the endocannabinoid agonist WIN55,212 (1 uM)
produced less synaptic depression in PNKD as compared to WT iMSNs (Figure 7G; n=7,9
cells; N=5,7 mice; p<0.0001 for comparison). These findings show a pathway-specific
disruption in excitatory neurotransmission onto IMSNs in symptomatic PNKD animals,

which may be a cellular and synaptic substrate of dyskinesia.
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If depression of IMSN synaptic inputs leads to reduced iIMSN activity, in turn
causing dyskinesia, then preventing endocannabinoid signaling should reduce or prevent
dyskinetic attacks. To test this hypothesis, we administered the CB1 antagonist AM251
(5 mg/kg) to PNKD mice, prior to caffeine treatment (Figure 8A). In vehicle-pretreated
animals, caffeine triggers dyskinetic attacks, as expected (Figure 8B, N=10 mice,
p<0.0001), However, in AM251-pretreated mice, attack severity was strongly reduced
(N=10 mice, p<0.0001), suggesting that endocannabinoid signaling is necessary for
caffeine-induced dyskinesia. To explore whether AM251 might prevent dyskinetic attacks
by blunting or preventing a loss of IMSN activity, we performed additional striatal single-
unit recordings in PNKD animals during behavioral sessions. In contrast to control
experiments, in which caffeine induced robust dyskinetic attacks and decreases in both
unidentified and IMSN firing rates (Figures 2G, 3D), caffeine did not cause a significant
change in unidentified MSN or iIMSN firing rates after AM251 pretreatment (Figure 8C-D;
n=18,8 units; N=4 mice; p=0.11 and 0.643, respectively). These results further bolster our
main hypothesis that reductions in indirect pathway activity are critical for the expression

of dyskinesia.
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2.4 Discussion

This study tested the hypothesis that striatal circuit dysfunction contributes to
dyskinesias. Enrichment analysis of human brain gene co-expression modules with
known dyskinesia genes led us to focus in on the striatum, and then on striatal indirect
pathway neurons, as a potential locus of neuronal dysfunction. We found that in the PNKD
mouse model, caffeine-induced dyskinetic attacks were paralleled by a profound
reduction in the firing rate of optogenetically-identified striatal indirect pathway MSNs
(iIMSNs), with little change in direct pathway MSNs (dMSNSs). A reduction in indirect
pathway efficacy appears to be necessary and sufficient for the generation of dyskinesia
in this PNKD model, as chemogenetic manipulations of iIMSNs yielded bidirectional
regulation of dyskinesia. Further, using ex vivo slice recordings, a potential cellular
mechanism for this loss of IMSN activity in dyskinetic PNKD animals was identified:
endocannabinoid-mediated synaptic depression of excitatory synapses onto iIMSNSs.
Indeed, pharmacological blockade of endocannabinoid-mediated LTD in vivo blunted or
prevented caffeine-induced dyskinetic attacks in PNKD mice. Our findings represent the
first example in which selective modulation of the indirect pathway appears to underlie
symptoms of dyskinesia.

One important aspect of our study is the analysis of human genetic and gene
expression data to discover neuronal cell types implicated in disease. While the vast
majority of data on human disease genetics is used to identify specific molecules or
pathways that relate to disease, we tested the hypothesis that the genes implicated in
human disease can also give insights into specific cell types that are dysfunctional (Skene

et al., 2018; Skene and Grant, 2016) (Kelly et al., 2018). Such insight is particularly
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important for understanding the pathophysiology of brain disorders in which no gross
abnormalities of the brain are present, such as many movement disorders and
neuropsychiatric illnesses. Here, we establish the feasibility of this approach using gene
co-expression analysis of human brain tissue to narrow in on a key brain region and cell
type implicated in some forms of dyskinesia.

In some ways, the key role of iIMSNs in dyskinesia is not surprising. In the classic
hyperkinetic movement disorder, Huntington’s Disease, postmortem studies suggest that
early neurodegeneration may target iMSNs over dMSNs (Reiner et al., 1988). Recent
work has implicated iMSN activity in a phenotypically similar condition, levodopa-induced
dyskinesia (Alcacer et al., 2017), though in this form of dyskinesia there are coincident
increases in dMSN activity and decreases in iIMSN activity (Parker et al., 2018; Ryan et
al., 2018). One reason that iIMSN activity may be critical for normal movements is that, by
virtue of their extensive inhibitory collaterals within the striatum (Dobbs et al., 2016; Smith
et al.,, 1998; Taverna et al., 2008; Wei et al., 2017), and through their downstream
regulation of brainstem and thalamocortical motor circuits (Oldenburg and Sabatini, 2015;
Roseberry et al., 2016), they are key to the normal ability to suppress competing motor
programs (Cui et al., 2013; Tecuapetla et al., 2016; Tecuapetla et al., 2014). Broad loss
of the inhibitory influence of IMSNSs, either through neurodegeneration (as in Huntington’s
Disease) or through reductions in firing rate or synchronization (as in PNKD and other
“functional” forms of dyskinesia), could lead to increased activity in neighboring dMSN
ensembles, decreasing the threshold for triggering movements facilitated by these
ensembles. This phenomenon could account for the clinical observation that many

involuntary movements, including chorea and dystonia, are exacerbated by voluntary
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movement (or even the planning of voluntary movement) in the same body segment
(Albanese et al., 2013; Berardelli et al., 1998). Dyskinesias may thus represent an
“overflow” of normal motor commands (Mink, 1996).

In PNKD mice, both caffeine and ethanol trigger dyskinetic attacks and reductions
in iIMSN firing. Though both agents may have some shared targets, including the
endocannabinoid system (Lerner et al., 2010; Pava and Woodward, 2012), ethanol acts
at several additional targets within the brain, including the dopamine system (Lovinger
and Alvarez, 2017; Mereu et al., 1984; Yim et al., 1998) and even on adenosine (Ruby et
al., 2010). This less specific pharmacology may be one reason why ethanol also caused
reductions in dMSN activity (both in WT and PNKD mice). Additionally, this difference in
physiology may be related to two key differences in the behavioral response to ethanol.
First, while caffeine did not substantially change gross locomotor activity, ethanol caused
more significant reductions in overall movement. Given the known correlation between
dMSN and iIMSN firing and movement (Klaus et al., 2017; Markowitz et al., 2018; Parker
et al., 2018), a reduction in overall movement could cause a confounding reduction in
MSN firing in ethanol-treated animals. Second, at the doses used in this study, ethanol
triggered more severe dyskinetic attacks, as we reported previously (Lee et al., 2012). If
indeed ethanol taps into the same endocannabinoid machinery as caffeine, but more
potently, there may enough endocannabinoid release to trigger LTD of inputs onto both
iIMSNs and dMSNSs.

Interestingly, we found that chemogenetic suppression of IMSNs triggered
dyskinesia in PNKD mice, but not in their WT littermates. This suggests that iIMSN

suppression (to the extent possible with our manipulations) alone is not sufficient to cause
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involuntary movement in otherwise normal basal ganglia circuitry, consistent with recent
findings (Alcacer et al., 2017). Additional cellular or circuit changes in PNKD, such as
altered circuit organization or aberrant neuromodulation, may amplify the effects of
chemogenetic inhibition, leading to increased vulnerability to dyskinesia. Precedent for
downstream amplification of striatal signaling has been observed in levodopa-induced
dyskinesia, at striato-nigral synapses (Borgkuvist et al., 2015).

Activating the “excitatory” Gs DREADD largely prevented caffeine-induced
reductions in iIMSN firing and dyskinetic attacks in PNKD mice. By itself, activation of the
DREADD had modest impacts on membrane potential in ex vivo slices, and almost no
impact on the average firing rate of MSNs in vivo. On the other hand, activation of the
DREADD may have more marked impact in preventing long-term depression of excitatory
inputs and/or decreases in synaptic output. Future experiments might examine relative
changes in these two synapses.

We found that excitatory inputs, but not intrinsic excitability, were altered in IMSNs
in brain slices from dyskinetic PNKD animals as compared to their wild-type littermates.
Interestingly, excitatory inputs onto iIMSNs from carefully habituated, non-dyskinetic
PNKD mice were similar to those onto wild-type iIMSNs, and acute application of caffeine
induced a reduction in mEPSC frequency. dMSNs, in contrast, showed little to no
differences between wild-type and PNKD mice. These observations are consistent with
the idea that aberrant synaptic plasticity may contribute to movement disorders (Deffains
and Bergman, 2015). Alterations in striatal LTD have been observed in other animal
models of hyperkinetic disorders (Avchalumov et al., 2013; Martella et al., 2009; Picconi

et al., 2003; Picconi et al., 2006), suggesting it may be a key cellular mechanism
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mediating circuit dysfunction. Though the normal function of the PNKD protein is
unknown, it is located at synapses and appears to participate in regulation of synaptic
release in vitro (Shen et al., 2015). In the context of either increased excitatory input
(stress) or adenosine antagonism (caffeine), iIMSNs expressing mutant PNKD protein
may have a lower threshold for LTD induction, perhaps by amplification of normal
postsynaptic signaling pathways or presynaptic endocannabinoid signaling. As ethanol
has multiple pharmacological targets, it is hard to be definitive about shared versus
convergent mechanisms in caffeine- versus alcohol-induced attacks, but
endocannabinoid signaling seems a likely culprit. Given that chemogenetic inhibition of
iIMSNs triggered dyskinesia only in PNKD animals, our results suggest that there is an
underlying cellular or circuit vulnerability in PNKD animals not present in wild-type mice.

Together, these findings highlight a key role for the striatal indirect pathway in the
development of dyskinesia episodes in PNKD. While studies in other animal models have
stressed the potential importance of the direct pathway (Cenci et al., 1999; Perez et al.,
2017), we found that reduced indirect pathway activity may be an alternate physiological
correlate, consistent with the idea that the two pathways act in concert to help select
appropriate movements, while at the same time suppressing competing movements.
Thus, targeting the striatal indirect pathway and endocannabinoid-mediated synaptic
plasticity may represent a promising new strategy for the focused treatment of

hyperkinetic disorders.
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2.5 Experimental Procedures
Animals:

Hemizygous PNKD mice were maintained on a C57BI/6 background. For in vivo
experiments, hemizygous PNKD mice were bred to wild-type C57BI/6, Adora2a-Cre (A2a-
Cre) or Drd1-Cre (D1-cre line 217) hemizygous mice, to generate PNKD mice for
pharmacological manipulations, PNKD;A2a-Cre mice for indirect pathway manipulations
or PNKD;D1-Cre mice for direct pathway manipulations. PNKD negative littermates were
used as wild-type (WT) controls. For slice physiology experiments, hemizygous PNKD
mice were bred to hemizygous Drdla-tdTomato mice, to generate Drdla-tdTomato (WT
control) and PNKD;Drdla-tdTomato (PNKD) mice. Mice of either sex were used. All
experiments were performed in mice aged 2-4 months. We complied with local and
national ethical and legal regulations regarding the use of mice in research. All
experimental protocols were approved by the UC San Francisco Institutional Animal Care
and Use Committee.

Behavior:

Mice were administered intraperitoneal (IP) saline and habituated to the open field
(a clear acrylic cylinder, 25 cm diameter) for a minimum of 1 hour daily for 2 days prior to
experiments. Mice implanted with infusion cannulae were habituated to tethering and
infusion (of saline) for a minimum of 2 days, to confirm that the infusion process alone did
not trigger dyskinesia. In experiments involving chemogenetic manipulation of iIMSNSs in
PNKD mice, both PNKD and WT control mice were habituated to saline injections daily
for approximately 2 weeks, to minimize the likelihood of a stress-induced dyskinetic attack

in response to IP injection of a drug or its vehicle in subsequent experiments.
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During experiments, mice were placed in the open field chamber and monitored
by two cameras, one mounted directly above the chamber to capture overall locomotor
activity, another in front of the chamber to capture qualitative aspects of movement,
particularly dyskinesia. Video-tracking software (Noldus Ethovision) was used to quantify
movement. Manual scoring was performed live during experiments, using a slight
modification of a previously published dyskinesia scale (Lee et al., 2012). In this modified
scale, numerical ratings indicate the following behaviors: 1 (asleep, inactive); 2 (normal
activity); 3 (increased activity); 4 (hyperactivity, running); 5 (jerky movement and slow
patterned movement; repetitive exploration); 6 (fast patterned movement; repetitive
exploration with hyperactivity); 7 (stereotyped movements; repetitive sniffing/rearing in
one location); 8 (continuous purposeless gnawing, sniffing and/or licking); and 9 (chorea
-- observed as irregular purposeless jaw or tongue movements or forepaw movements;
dystonia). Two seizure episodes were observed after caffeine administration during the
study, and were excluded from the dataset. A score of 7 was used for animals with
frequent, but not continuous, gnawing, sniffing, or licking movements. For chemogenetic
and pharmacological experiments, dyskinesia was scored for 1 minute every 5 minutes.
For in vivo electrophysiology experiments, dyskinesia was scored for 1 minute every 5
minutes, except for the period between drug injection and the onset of involuntary
movements (here defined as a score of 7 or above), when it was scored continuously in
1-minute bins. In AM251 (5 mg/kg) prophylaxis experiments, animals were randomized
to the drug or vehicle, one of which were administered IP 30 minutes prior to
administration of caffeine (25 mg/kg). On another experimental day, the mice received

the other treatment. The experimenter was blinded to the drug being administered until
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after acquisition and analysis had been performed. Dyskinesia scores were compared
within-group at baseline (-30 to 0 minutes prior to caffeine) and 30-60 minutes after
caffeine injection.

Pharmacology:

For in vivo experiments, caffeine (Tocris) was dissolved in normal saline at 2
mg/mL, and injected IP at a final dose of 25 mg/kg. Ethanol was administered IP (20%
solution in water) at a dose of 1.5 g/kg. AM251 (Tocris) was dissolved in DMSO (Sigma)
at 10 mg/mL, then diluted to 0.5 mg/mL in a 1:1 solution of polyethylene glycol (Sigma)
and normal saline prior to IP injection at a final dose of 5 mg/kg. Clozapine-N-oxide
(Sigma) was dissolved in normal saline at 0.1 mg/mL and injected IP at a final dose of 1
mg/kg. For intracranial infusions, caffeine was dissolved in normal saline at a
concentration of 100 mM.

For ex vivo slice experiments, picrotoxin (Sigma) was dissolved in warm water at
5 mM, and added to ACSF for a final concentration of 50 uM. Tetrodotoxin (TTX, Abcam)
was dissolved in water at a stock concentration of 1 mM and added to ACSF for a final
concentration of 1 yM. WIN55,212 was dissolved in DMSO at 10 mM, and added to ACSF
for a final concentration of 1 uM. Clozapine-N-oxide (CNO, Sigma) was dissolved in
DMSO at 10 mM then diluted in ACSF for a final concentration of 1 uM.

Intracranial infusion:

2-4 month old mice were implanted with bilateral infusion cannulae. Anesthesia
was induced with intraperitoneal ketamine/xylazine and maintained with inhaled
isoflurane. After opening the scalp, two small holes were drilled over the dorsolateral

striatum (+0.8 AP, +2.2 mm DV from bregma) on either side of the skull using a stereotax-
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mounted drill. The exposed skull surface was scored with a scalpel to maximize adhesion
of dental cement. Dental cement (Metabond) was applied to the exposed skull surface
and the double infusion cannula (PlasticsOne). The infusion cannula (with inner dummy
cannula with cap screwed into place) was then lowered into the brain, with the tip of the
inner cannula lowered to -2 mm DV from the brain surface. The cannula was then secured
to the skull by application of dental acrylic (Ortho-Jet). After the acrylic had set, the scalp
was closed with suture, and the mouse was allowed to recover from anesthesia.
Buprenorphine (IP, 0.05 mg/kg) and ketoprofen (subcutaneous injection, 5 mg/kg) were
administered for postoperative analgesia.

Behavioral experiments began 1 week following surgery. The experimenter was
blinded to the genotype of the animal. In each session, the dummy inner cannula was
removed, and a drug infusion inner cannula was placed inside the outer cannula, and
screwed into place. The mouse was then returned to its home cage with the top removed,
and could move freely during drug infusion. Drug or saline was infused bilaterally using a
Hamilton double syringe pump (WPI) at a rate of 0.1 uL per minute for a total volume of
0.5 uL per side. The cannula was left in place for an additional three minutes, then both
infusion cannulae were removed. The mouse was then transferred to the open field
behavioral chamber for simultaneous video tracking (for locomotion) and manual scoring
(for dyskinesia). Infusion experiments were performed a minimum of 24 hours apart.

To verify cannula function and to mark the location and estimate the extent of drug
infusions, a lipophilic fluorescent dye was infused prior to sacrifice. After the final infusion

experiments, 0.5 yL of the dye (FM4-64X, ThermoFisher Scientific) was infused in the
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same fashion, after which terminal anesthesia was administered and transcardial fixative
perfusion was performed. Tissue was processed as indicated below (Histology).
In vivo electrophysiology/optogenetics:

To construct optrode arrays, optical fiber-ferrule assemblies were cemented onto
32 channel microelectrode arrays (Innovative Neurophysiology). Optical fiber-ferrule
assemblies consisted of a 200 ym optical fiber (Thorlabs) threaded through a ceramic
ferrule (Thorlabs) and cemented with epoxy. The tip of the optical fiber was positioned in
the center of the array, approximately 0.5 mm above the tips of the microelectrodes.
Surgical implantation of optrode arrays was performed at 2-4 months of age. Anesthesia
was induced with IP ketamine/xylazine and maintained with inhaled isoflurane. Mice were
stereotaxically injected with AAV5-DIO-ChR2-mCherry (UPenn Vector Core, 1.5 uL of 1:1
diluted virus) in the left dorsolateral striatum (+0.8 AP, +2.25 ML, and -2.5 mm DV from
bregma) through a small hole in the skull. Using a stereotax-mounted drill, this hole was
later enlarged into a rectangular craniectomy and the dura was removed to permit
implantation of the optrode. Small holes were also made in the right frontal and right
posterior areas for later insertion of a skull screw (FST) and the ground wire, respectively.
The exposed skull surface was scored with a scalpel to maximize adhesion of dental
cement. Dental cement (Metabond) was applied to the exposed skull surface and the
base of the optrode array connector. The optrode array was then slowly lowered into the
center of the craniectomy to a depth of 2.3 to 2.4 mm from the brain surface. The array,
ground wire, and skull screw were secured to the skull by application of dental acrylic
(Ortho-Jet). After the acrylic had set, the scalp was closed with suture, and the mouse

was allowed to recover from anesthesia. Buprenorphine (IP injection, 0.05 mg/kg) and
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ketoprofen (subcutaneous injection, 5 mg/kg) were administered for postoperative
analgesia.

2 weeks after implantation, mice were habituated to tethering, the recording
chamber, and IP saline injection for a minimum of 1 hour daily for two days. After
habituation, experimental sessions occurred approximately twice weekly for 2-6 weeks.
During each session, electrical signals (single-unit and LFP data from each of 32
channels) were collected using a multiplexed 32 channel headstage (Triangle
Biosystems), an electrical commutator equipped with a fluid bore (Dragonfly), filtered,
amplified, and recorded on a MAP system, using RASPUTIN 2.4 HLK3 acquisition
software (Plexon).

During recording sessions, after a baseline period, caffeine (25 mg/kg) or ethanol
(1.5 g/kg) was injected IP. If a mouse developed stress-induced dyskinesia after tethering,
but prior to drug administration, the experiment was terminated. After a period of 2-6 hours
of recording spontaneous activity in the open field, an optogenetic cell identification
protocol was applied (Kravitz et al., 2013), consisting of 100 ms blue light pulses, given
at 1 Hz. At each of 4 light powers (0.5, 1, 2, and 4 mW, typically), 1000 light pulses were
delivered via a lightweight patch cable (Doric Lenses) connected to a blue laser
(Shanghai Laser and Optics Century), via an optical commutator (Doric Lenses), and
controlled by TTL pulses from a behavioral monitoring system (Noldus Ethovision). At the
end of this cell identification protocol, the animal was detached from the electrical and
optical cables and returned to its home cage.

Single units were identified offline by manual sorting using Offline Sorter 3.3.5

(Plexon) and principle components analysis (PCA). Clusters were considered to
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represent a single unit if (1) the unit's waveforms were statistically different from multiunit
activity and any other single units on the same wire, in 3D PCA space, (2) no interspike
interval <1 ms was observed. Single units were classified as putative MSNs based on
waveform and interspike interval distribution, using previously published criteria (Gage et
al., 2010) to exclude fast-spiking interneurons.

After single units had been selected for further study, their firing activity was
analyzed using NeuroExplorer 4.133 (Nex Technologies). To determine if a unit was
optogenetically identified, a peristimulus time histogram was constructed around the
onset of laser pulses. To be considered optogenetically identified, a unit had to fulfill 3
criteria: (1) the unit had to increase firing rate above the 99% confidence interval of the
baseline within 15 ms of laser onset; (2) the unit’s firing was above this threshold for at
least 20 ms; (3) the unit’s laser-activated waveforms were not statistically distinguishable
from spontaneous waveforms.

For display and analysis purposes, the firing rate of single units was averaged in
one-minute bins. For comparisons of baseline firing rates between genotypes, a Wilcoxon
Rank Sum Test was employed. For analyses of firing rate before, during, and after
dyskinetic periods, the average firing rate from 0-30 minutes prior to injection, 30-60
minutes after injection, and 0-20 minutes after behavioral recovery (dyskinesia score of
2) were calculated. To determine whether a unit’s firing rate significantly changed after
caffeine injection, the firing rates during the baseline period were compared with the firing

rates between 30-60 minutes after caffeine injection, using a Wilcoxon Signed Rank test.
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Chemogenetics:

AAVs encoding Cre-dependent constructs were stereotaxically injected 2-4 weeks
prior to the first behavioral or slice physiology experiments. For chemogenetic inhibition
of IMSNs, A2a-Cre mice (either PNKD or WT littermates) were stereotaxically injected
with either AAV5-DIO-hM4D(Gi)-mCherry or AAV5-DIO-mCherry (UNC Vector Core, 1
ML) at 4 sites to cover the bilateral dorsolateral striatum (+/- 1.0 AP, +/-2.2 ML, -2.5 mm
DV). For chemogenetic activation of iIMSNs, PNKD;A2a-Cre mice were injected with
either AAV5-DIO-hM3D(Gs)-mCherry or AAV5-DIO-mCherry (UNC Vector Core, 1 L) at
8 sites per side to cover the majority of the striatum, bilaterally (+0.8 AP, +/- 2.2 ML, -2.5,
-4.0DV; +0.8 AP, +/- 1.2 ML, -2.5, -4.0 DV; 0.0 AP, +/- 2.0 ML, -2.5, -3.7 DV; -0.5 AP,
+/- 2.5 ML, -2.0, -3.0 DV). After a recovery period, mice were then habituated daily to the
behavioral chamber and to IP injection of saline, so as to reduce the chance of stress-
induced dyskinetic attacks when later injected with an experimental agent.

During chemogenetic inhibition experiments, on interleaved days mice were
injected IP with either saline (10 puL/g) or CNO (1 mg/kg), after which their behavior was
monitored with both video-tracking of locomotor activity and manual scoring of dyskinesia
(see Behavior, above). During chemogenetic activation experiments, on interleaved days
mice were injected IP with either saline (10 pyL/g) or CNO (1 mg/kg) 20 minutes prior to
injection of caffeine (25 mg/kg), and behavior was monitored. Dyskinesia scores were
compared at baseline (0-10 min) and at 40-60 minutes following CNO administration,

using a Wilcoxon Signed Rank Test.
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Slice electrophysiology:

Prior to terminal anesthesia and preparation of brain slices, animals (1.5-4 months
old) were handled, then placed in a 500 mL glass beaker for 5 minutes. In PNKD mice,
such handling in unhabituated animals produced stress-induced dyskinetic attacks, as
has been previously described (Lee et al., 2012). Mice were deeply anesthetized with an
intraperitoneal ketamine-xylazine injection, transcardially perfused with ice-cold sucrose-
or glycerol-based slicing solution, decapitated, and the brain was removed and placed in
the slicing chamber with ice-cold slicing solution. Sucrose slicing solution contained (in
mM): 79 NaCl, 23 NaHCOs, 68 sucrose, 12 glucose, 2.3 KClI, 1.1 NaH2PO4, 6 MgCl2, and
0.5 CaClz. Glycerol slicing solution contained (in mM): 250 glycerol, 2.5 KCI, 1.2
NaH2PO4, 10 HEPES, 21 NaHCOs, 5 glucose, 2 MgClz, 2 CaClz. The brain was mounted
on a submerged chuck, and sequential 300 um coronal slices were cut on a vibrating
microtome (Leica), transferred to a chamber of warm (34° C) carbogenated ACSF
containing (in mM) 125 NaCl, 26 NaHCOs, 2.5 KCI, 1 MgClz, 2 CaClz, 1.25 NaH2PO4,
12.5 glucose for 30-60 minutes, then stored in carbogenated ACSF at room temperature.
Each slice was then submerged in a chamber superfused with carbogenated ACSF at
31-33° C for recordings.

Medium spiny neurons were targeted for recordings using differential interference
contrast (DIC) optics in PNKD;Drdla-tdTomato or PNKD;D2-GFP mice. In PNKD;Drd1a-
tdTomato mice, direct pathway neurons were identified by their tdTomato-positive
somata, and indirect pathway neurons were identified by their tdTomato-negative
medium-sized somata. In PNKD;D2-GFP mice, indirect pathway neurons were identified

by their GFP-positive somata, and direct pathway cells were identified by their GFP-
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negative medium-sized somata. Fluorescence-negative neurons with GABAergic
interneuron physiological properties (membrane tau decay <1 ms for both fast-spiking
and persistent low-threshold spiking subtypes; input resistance >500 MQ in persistent
low-threshold spiking subtype) were excluded from the analysis. Neurons were patched
in whole-cell current-clamp or voltage-clamp configurations using borosilicate glass
electrodes (3-5 MQ) filled with either potassium-based (current-clamp) or cesium-based
(voltage-clamp) internal solution containing (in mM) respectively: 130 KMeSOs, 10 NaCl,
2 MgClz, 0.16 CaClz, 0.5 EGTA, 10 HEPES, 2 MgATP, 0.3 NaGTP or 120 CsMeSOs, 15
CsCl, 8 NaCl, 0.5 EGTA, 10 HEPES, 2 MgATP, 0.3 NaGTP, 5 QX-314, pH 7.3. Picrotoxin
(50 uM) was added to the external solution to block synaptic currents mediated by GABAA
receptors. Drugs were prepared as stock solutions and added to the ACSF to yield the
final concentration.

Whole-cell recordings were made using a MultiClamp 700B amplifier (Molecular
Devices) and ITC-18 A/D board (HEKA). Data was acquired using lgor Pro 6.0 software
(Wavemetrics) and custom acquisition routines (mafPC, courtesy of M. A. Xu-Friedman).
Whole-cell recordings were filtered at 2 kHz and digitized at 10 kHz. All recorded neurons
exhibited electrophysiological characteristics of medium spiny neurons. In current-clamp
recordings to measure intrinsic properties, membrane potential was measured as the
average Vm 5-10 minutes after break-in. A series of small negative current steps were
delivered from rest to calculate the input resistance of each cell. Rheobase and other
input-output properties were obtained by giving a series of square-wave current steps,
ranging from 100 pA to 800 pA (or the maximum current at which a cell could sustain

spiking across the step), in 100 pA increments, with a 10 sec interstimulus interval.
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Synaptic currents were monitored at a holding potential of -70 mV. Series resistance and
leak currents were monitored continuously. Miniature EPSCs were recorded at =70 mV
in 1 yM TTX and 50 uM picrotoxin. Only cells with at least 500 events were included in
the analysis. Cumulative probability plots were generated from 500 randomly selected
MEPSC events. Evoked EPSCs onto medium spiny neurons were elicited in the presence
of picrotoxin (50 uM) with a stimulus isolator (IsoFlex, AMPI) and a glass electrode placed
dorsolateral to the recorded neuron, typically 100-200 ym away. Stimulus intensity was
adjusted to yield EPSC amplitudes of approximately 400 pA. Stimulus duration was 300
us. For evaluation of the paired pulse ratio, two stimuli were given at variable interstimulus
intervals (ISls; 25, 50, 100, 200, 500 ms) with a 20 sec intertrial interval. Three repetitions
at each ISI were averaged to yield the PPR for that ISI. For monitoring of EPSC amplitude
over time, two pulses delivered with 50 ms interstimulus interval were given every 20
seconds. Our high-frequency stimulation (HFS) protocol for induction of long-term
depression consisted of 4 trials (1 second each, 10 second intertribal interval) of 100 Hz
afferent stimulation (stimulation intensity calibrated to produce a 1.5 nA EPSC at -70 mV)
paired with depolarization to -10 mV (Kreitzer and Malenka, 2007; Lerner and Kreitzer,
2012). Following the HFS protocol, the stimulation intensity was returned to the baseline
level and EPSCs were monitored for a minimum of 30 additional minutes.

For analyses of basic excitability measures, a Wilcoxon Rank Sum test was used
to compare between genotypes. For analyses of paired pulse ratio, mMEPSC frequency
and amplitude, an unpaired two-tailed T-test was employed. Synaptic depression was
analyzed by calculating the average EPSC amplitude during the 10 minute baseline and

20 to 30 minutes following a manipulation (HFS or WIN55,212 application). Changes in
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excitability or mEPSC frequency in response to acute caffeine application was analyzed
by comparing a 10 minute baseline period with the value 20-30 minutes after drug
application. For these analyses, a Wilcoxon Signed-Rank test was used.

In slice experiments to validate use of the inhibitory DREADD hM4D (Gi), we
prepared acute slices from animals coinjected with AAV5-DIO-ChR2-eYFP (UPenn
Vector Core, 1 uL of 1:1 dilution) and AAV5-DIO-hM4D(Gi)-mCherry (UNC Vector Core,
1 uL). eYFP positive striatal neurons were patched in the whole-cell current clamp mode,
with a potassium-based internal solution (see above). Optogenetic stimulation was
delivered to the slice by a TTL-controlled LED (Olympus), passed through a ChR2 (473
nm) filter (Chroma) and the 40X immersion objective. LED intensity was adjusted to yield
an output of approximately 1-2 mW at the slice. Light pulses were 5 ms in duration. To
measure acute effects of CNO in slice physiology experiments, we targeted eYFP-
negative neurons in the striatum or GPe, in an area of mCherry fluorescence indicating
local striatal axons were infected. These neurons were patched in whole-cell voltage-
clamp mode, with a cesium chloride-based internal solution containing (in mM): 120
CsCl,15 CsMeSO0s, 8 NaCl, 0.5 EGTA, 10 HEPES, 2 MgATP, 0.3 NaGTP, pH 7.3. IPSCs
were elicited with optogenetic stimulation every 30 seconds, and IPSC amplitude was
compared before and 10-15 minutes after addition of CNO (1 uM) to the ACSF, using the
Wilcoxon Signed-Rank Test.

Histology:

Following behavioral, in vivo physiology and chemogenetic experiments, mice

were deeply anesthetized with IP ketamine-xylazine and transcardially perfused with 4%

paraformaldehyde in PBS. Prior to perfusion, electrode location was marked in implanted
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mice by electrolytic lesioning. After deep anesthesia, the implant was connected to a solid
state, direct current (DC) Lesion Maker (Ugo Basile). A current of 100 pyA was passed
through each microwire for 5 seconds. After perfusion, the brain was dissected from the
skull and post-fixed overnight in 4% paraformaldehyde, then placed in 30% sucrose at 4°
C for 2-3 days for cryoprotection. The brain was then cut into 30 ym coronal sections on
a freezing microtome (Leica), prior to washing in PBS and mounting in Vectashield
Mounting Medium onto glass slides for subsequent imaging. All images were taken on a
Nikon 6D conventional widefield microscope.

Human gene expression studies:

Integrative analysis of human CNS transcriptomes was performed essentially as
described (Kelley et al., 2018). We obtained publicly available gene expression data from
eight studies (Berchtold et al., 2008; GTExConsortium, 2015; Hawrylycz et al., 2015;
Hernandez et al., 2012; Hodges et al., 2006; Kang et al., 2011; Li et al., 2013; Ramasamy

et al., 2014a) and one resource (http://www.brainspan.org/) that profiled large numbers

of postmortem CNS bulk tissue samples from neurotypical humans. Expression profiling
was performed on six technology platforms, including RNA-seq and various commercial
microarrays. Samples from each of the nine sources were separated into 53 datasets
representing 11 major neuroanatomical regions. Each regional dataset consisted of at
least 25 samples, all of which came from adults (=18 years). After removing outliers (see
below), we analyzed a total of 6336 transcriptomes (Table S1).

Data preprocessing and quality control: Preprocessing was performed from raw
data when possible. Affymetrix microarray raw data (.CEL files) were downloaded from

Gene Expression Omnibus (GEO: http://www.ncbi.nlm.nih.gov/geo/) using the following
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accession IDs: GSE11882 (Berchtold et al., 2008), GSE25219 (Kang et al., 2011),
GSE3790 (Hodges et al., 2006), GSE45642 (Li et al., 2013), and GSE46706 (Ramasamy
et al., 2014b). Probe-level data from Affymetrix Exon 1.0 microarrays (GSE25219 and
GSE46706) were summarized using the Robust Multi-Array (RMA) algorithm (Irizarry et
al., 2003) at the gene level with Affymetrix Power Tools software (APT 1.15.2) and reverse
log-transformed for further processing.

Affymetrix U133A and U133Plus2 microarray probes from GSE3790, GSE45642,
and GSE11882 were pruned to eliminate non-specific and mis-targeted probes using the
ProbeFilter R package (Dai et al, 2005) with mask files obtained from

http://masker.nci.nih.gov/ev/ (Zhang et al., 2005). After applying the mask files, only probe

sets with at least seven remaining probes were retained for further analysis. Expression
values were generated in R using the expresso function of the affy R package (Gautier et
al., 2004) with "mas" settings and no normalization, followed by scaling of arrays to the
same average intensity (200). For GSE45642, gene expression was not scaled and
technical replicates were removed (AMY samples restricted to site I; DLPFC samples
restricted to site D; HIP and NUAC samples restricted to site M). Non-normalized Illumina
microarray data were obtained from GEO for GSE36192 (Hernandez et al., 2012).
Normalized expression data from GTEX, BrainSpan, and the Allen Brain Institute (ABI)

were downloaded from their respective websites (http://www.gtexportal.org/, V6 data

release; http://www.brainspan.org/, Oct2013 data release; and http://human.brain-

map.org/, March2013 data release). For the RNA-seq datasets (GTEx and BrainSpan),

RPKM gene expression values were used.
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Sample information for datasets with GEO accession IDs was obtained using the
GEOquery R package (Davis and Meltzer, 2007) with the exception of hybridization batch
information, which was extracted from the header information of Affymetrix .CEL files
when available. Each of the 53 regional datasets was individually processed using the
SampleNetwork R function (Oldham et al., 2012), which is designed to identify and
remove sample outliers, perform data normalization, and adjust for batch effects (Johnson
et al., 2007). We defined sample outliers as those that were more than four standard
deviations below the mean connectivity of all samples measured over all features (Z.K <
-4). Iterative pruning was applied for each regional dataset to remove all samples with
Z.K < -4 (Table S1). For non-normalized data (GSE11882, GSE3790, GSE4542, and
GSE36192), quantile normalization (Bolstad et al., 2003) was then performed. If a batch
effect was present (defined as a significant association between the 1%t principal
component of the expression data and a technical batch covariate), batch correction was
performed using the ComBat R function (Johnson et al., 2007), which is implemented in
SampleNetwork. For GTEXx data, we detected a large batch effect due to center site. We
therefore restricted our analysis to samples acquired by centers ‘B1, A1’ or ‘C1, Al
Lastly, prior to coexpression analysis, probes / genes that had zero variance across all
samples were removed. For GTEX, we further restricted our analysis to 27,540 transcripts
that were detected (= 0.1 RPKM) in at least 200 CNS samples. Table S1 provides
additional details on data preprocessing and quality control.

Unsupervised gene coexpression module detection: We analyzed gene
coexpression relationships in each regional dataset in the R statistical computing

environment (http://cran.us.r-project.orq) using a four-step approach (Lui et al., 2014;
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Molofsky et al., 2013). First, pairwise biweight midcorrelations (bicor) were calculated for
all possible pairs of probes / genes over all samples in each dataset using the bicor
function in the WGCNA R package (Langfelder and Horvath, 2008). Bicor is a robust
correlation metric that is less sensitive to outliers than Pearson correlation but often more
powerful than Spearman correlation (Hardin et al., 2007; Song et al., 2012). Second,
probes / genes were clustered using the flashClust (Langfelder and Horvath, 2008)
implementation of a hierarchical clustering procedure with complete linkage and 1 - bicor
as a distance measure. Third, the resulting dendrogram was cut at a series of heights
corresponding to the top 0.01%, 0.1%, 1%, 2%, 3%, 4%, or 5% of pairwise correlations
for the entire dataset. Moreover, for each of these thresholds, we modified the minimum
module size to require 8, 10, 12, 15, or 20 members. This approach yielded 7 x 5 = 35
different gene coexpression networks for each regional dataset. Third, initial modules in
each network were summarized by their module eigengenes, which is defined as the first
principal component obtained by singular value decomposition of the coexpression
module (Horvath and Dong, 2008). Fourth, highly similar modules were merged if the
correlations of their module eigengenes exceeded an arbitrary threshold (0.85). This
procedure was performed iteratively for each network such that the pair of modules with
the highest correlation (> 0.85) was merged first, followed by recalculation of module
eigengenes, followed by recalculation of all correlations, until no pairs of modules
exceeded the threshold. The WGCNA measure of intramodular connectivity (kmeg) was
then calculated for each probe / gene with respect to all modules by correlating its
expression pattern across all samples with each module eigengene (Horvath and Dong,

2008; Oldham et al., 2008).
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Module enrichment analysis with a dyskinesia gene set: To identify ‘dyskinesia
gene coexpression modules’ (i.e. groups of coexpressed genes that are enriched with
genes involved in human dyskinesias), we cross-referenced coexpression modules from
each regional dataset with a manually curated list of genes implicated in human
dyskinesias (Table S2). Modules were defined as all unique genes with positive kmve
values that were significant after applying a Bonferroni correction for multiple
comparisons (p < 0.05/ (# probes or genes in the regional dataset x # of modules in the
network)). If a probe / gene was significantly correlated with more than one module it was
assigned to the module for which it had the highest kve value. For each regional dataset,
enrichment analysis was performed for all modules in all (n = 35) networks using a one-
sided Fisher's exact test as implemented by the fisher.test R function. The module with
the most significant enrichment for the dyskinesia gene set was identified in each regional
dataset.

Data integration and calculation of striatum dyskinesia module membership:
Operationally, we define the transcriptional ‘profile’ of the dyskinesia module in a given
dataset as a list of probes / genes ranked by descending kwve values. To create a
‘consensus’ dyskinesia transcriptional profile, we used the following approach. First,
datasets that did not contain a module that was significantly enriched with the dyskinesia
gene set after applying a Bonferroni correction for multiple comparisons (p < 0.05 / #
modules) were excluded (GSE3790). Second, probe / gene identifiers from all datasets
were mapped to a common identifier (HomoloGene ID data build 68). Third, kve vectors
for each module in microarray datasets (in which individual transcripts are often targeted

by multiple probes) were collapsed to unique identifiers by retaining for each
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HomoloGene ID the probe with the highest kve value. Because kve values are correlation
coefficients, they cannot be averaged directly over independent datasets of different
sample sizes. Therefore, to aggregate kve values for a given HomoloGene ID across
regional datasets, we used Fisher's method for combining correlation coefficients from
independent datasets (Fisher, 1970). We implemented this method by initially

transforming kme values using the Fisher transformation:

1 1+kME.gd
Zgq = Sin (Lvzad
2 1-kME.gd

(1)
where g indexes the gene and d indexes the regional dataset. An average of the resulting

z-scores (weighted by sample size) was then determined with the following equation:

- Zzli)=1zgdc(nd—3)

9 ¥R (ng-3)
2)
where n denotes the number of samples in dataset d. The sampling standard deviation
of Z, is:
SD(Zy) = /m :
3)

Dividing the ‘average’ z-scores by the sampling standard deviation yields the genome-
wide statistics displayed in Fig. 1C.

Enrichment analysis with cell-type markers: The following cell-type marker gene
sets were used to perform enrichment analyses of the top dyskinesia module in each

striatal dataset: direct and indirect medium spiny neurons (Gokce et al., 2016); astrocytes,
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oligodendrocytes, and microglia: (Zhang et al., 2014); for cholinergic and parvalbumin
interneurons, we created sets of genes based on the top 50 genes ranked by correlation
to CHAT and PVALB, respectively, across our human striatum expression datasets.
PNKD correlation aggregation: We averaged PNKD correlation coefficients with
DRD1 or DRD2 across striatum datasets using Fisher’'s method (as described above) by
calculating Fisher transformed z-scores, z, (weighted by sample size). We converted z,
into an ‘average’ correlation coefficient by performing the reverse Fisher transformation:

_ exp(2zg)-1
9 7 exp(2z4)+1

(4)
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Figure 1: Dyskinesia-associated genes are co-expressed with markers of indirect pathway
neurons in human striatum. Analysis of gene expression data from neurotypical adult human
brains. A. Enrichment p-values for the most significant dyskinesia gene module from each brain
region and dataset (each dot represents one dataset). B. Enrichment of striatal dyskinesia
modules with cell-type markers (see methods): indirect pathway MSNs (iMSN), direct pathway
MSNs (dMSN), cholinergic interneurons (ChAT), parvalbumin-positive fast-spiking interneurons
(PV), astrocytes (Astr), oligodendrocytes (Oligo), and microglia (Micro). Striatal dyskinesia
modules consistently showed significant enrichment for iIMSN marker genes, but not markers of
other cell types. C. Genome-wide distribution of consensus striatal dyskinesia module
membership strength. Dyskinesia genes with z-score >20 are labeled. The distributions for the
cell-type genes from (B) were cross-referenced with genes with high consensus dyskinesia
module membership (z-score >20). D. The aggregate correlation of PNKD expression with iMSNs
and dMSNs signatures across the human striatum datasets from (B). Abbreviations: STR =
striatum; MID = midbrain; DI = diencephalon; LIM = limbic cortex; FCX = frontal cortex; AMY =
amygdala; TCX = temporal cortex; CB = cerebellum; OXC = occipital cortex; HIP = hippocampus.
Error bars denote the SEM.
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Figure 2. Dyskinetic attacks in PNKD mice are accompanied by decreased firing rates in
striatal projection neurons. A. Dystonic posturing in a PNKD mouse treated with caffeine (25
mg/kg). B. Dyskinesia scores of WT and PNKD mice treated with systemic (intraperitoneal, IP)
caffeine (dotted line). C. Schematic diagram showing bilateral infusion cannulae in the
dorsolateral striatum. D. Dyskinesia scores for WT and PNKD mice treated with intrastriatal saline
(left) or caffeine (right). E. Schematic diagram showing multielectrode array implantation in left
dorsolateral striatum. F. Percentage of units whose firing rates went up, down, or had no change
(NC) after IP caffeine. G. Average Z-scored firing rates of unidentified MSNs before and after IP
caffeine administration (T=0) in WT and PNKD mice. All values are displayed as average + SEM.
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Figure 3. iIMSNs are differentially suppressed during caffeine-triggered dyskinesia. A.
Schematic diagram of optrode recording configuration in sagittal view. B. Representative
optogenetically-identified unit, showing responses to blue light pulses (left) and average
spontaneous and light-evoked waveforms (right). C, D. Average Z-scored firing rates of
optogenetically-identified direct pathway MSNs (dMSNs, C) or indirect pathway MSNs (iMSNs,
D) in WT and PNKD mice before and after caffeine administration (T=0). Right: Percentage of
units whose firing rates went up, down, or had no change (NC) after caffeine. E. Dyskinesia score
(black line) and Z-scored iMSN firing rates (red line) from PNKD animals monitored until recovery.
F. Plot of time to change in firing rate of IMSNs vs time to dyskinesia. All values are displayed as
average + SEM.
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Figure 4. Chemogenetic inhibition of IMSNs causes dyskinesiain PNKD mice. A-E. The DLS
of A2a-Cre mice was injected at a single site with AAVs encoding Cre-dependent hM4D(G;)-
mCherry and ChR2-eYFP. Acute coronal sections were prepared for histology (A) and slice
electrophysiology (B-E). A. Coronal section of DLS showing expression of hM4D(Gi)-mCherry
(left), ChR2-eYFP (center), and merged (right). B-E. Whole-cell recordings of striatal MSNs (B-C)
and globus pallidus pars externa (GPe) neurons. Recording configurations are schematized at
left in each panel. B. Representative current clamp recording from an eYFP-positive striatal
neuron (putative iIMSN), showing a light-evoked action potential in response to a 5 ms pulse of
blue light (1 mW). C. Representative voltage-clamp recording from an eYFP-negative striatal
neuron (MSN), showing a light-evoked inhibitory postsynaptic current (IPSC) before (black) and
after (purple) application of clozapine-N-oxide (CNO, 1 uM). D. Representative voltage clamp
recording from a GPe neuron, showing a light-evoked IPSC before and after application of CNO.
E. Left: summary of IPSC amplitude in the DLS and GPe after CNO application. Right: resting Vm
of IMSNs before and after CNO application. F. Left: schematic diagram showing 4 DLS injection
sites in A2a-Cre mice. Right: Representative coronal sections from a mouse injected with AAV-
DIO-hM4D(Gi)-mCherry. G. Experimental timeline. Mice were injected with AAVs encoding Cre-
dependent mCherry or hM4D-mCherry. After habituation to daily saline injections, mice were
administered either IP saline or CNO on interleaved testing days. H,l. Dyskinesia score in
WT;A2a-Cre (H) or PNKD;A2a-Cre (I) animals administered saline (left) or CNO (1 mg/kg; right).
All values are displayed as average + SEM. Scale bars = 1 mm.
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Figure 5. Chemogenetic activation of iIMSNs blunts dyskinesia in PNKD mice. A. Left:
Schematic diagram showing 8 striatal injection sites per side in PNKD;A2a-Cre mice. Right:
representative coronal sections from a mouse injected with AAV-DIO-hM3D(Gs)-mCherry. B.
Top: Experimental design. Middle/Bottom: Dyskinesia score in PNKD;A2a-Cre mice pretreated
with saline (middle) or CNO (bottom) prior to caffeine. C. Top: Sagittal schematic diagram of
optrode recording configuration. ChR2-eYFP and hM3D(Gs)-mCherry were injected in the
dorsolateral striatum of PNKD;A2a-Cre mice. Middle: Average Z-scored firing rates of unidentified
MSNs in WT or PNKD mice pretreated with saline or CNO before and after caffeine administration.
Bottom: Average Z-scored firing rates of optogenetically-identified indirect pathway MSNs
(iIMSNs) in WT and PNKD mice pretreated with saline or CNO before and after caffeine
administration. All values are displayed as average + SEM. Scale bars =1 mm.
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Figure 6. Excitatory transmission unchanged onto dMSNs in dyskinetic PNKD mice. A.
Overlaid DIC and fluorescence images of a striatal slice from PNKD;Drdla-tdTomato mouse,
illustrating targeting of tdTomato-positive dAMSNSs. B. Representative traces of miniature excitatory
postsynaptic currents (mMEPSCs) from WT (black), non-dyskinetic PNKD (grey), and dyskinetic
PNKD (green) dMSNs. C. mEPSC amplitude cumulative histogram from WT and PNKD iMSNs.
Inset: Average mEPSC amplitudes from WT (black open), non-dyskinetic (grey open), and
dyskinetic (green closed) PNKD mice. D. mEPSC frequency cumulative histogram. Inset: Average
MEPSC frequencies from WT (black open), non-dyskinetic (grey open), and dyskinetic (green
closed) PNKD mice. E. Left: Average paired pulse ratio (PPR) of evoked EPSCs. Right:
Representative EPSCs with 25 ms ISI. All values are displayed as average = SEM.
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Figure 7. Excitatory transmission reduced onto iMSNs in dyskinetic PNKD mice. A. Overlaid
DIC and fluorescence images of a striatal slice from PNKD;Drd1la-tdTomato mouse, illustrating
targeting of tdTomato-negative iIMSNs. B. Representative traces of miniature excitatory
postsynaptic currents (MEPSCs) from WT (black), non-dyskinetic PNKD (grey), non-dyskinetic
PNKD with caffeine (red), and dyskinetic PNKD (red) iMSNs. C. mEPSC amplitude cumulative
histogram from WT (black) and PNKD (red) iMSNSs. Inset: Average mEPSC amplitudes from WT
(black open), non-dyskinetic PNKD (grey open), non-dyskinetic PNKD with caffeine (red open),
and dyskinetic PNKD (red filled) mice. D. mEPSC frequency cumulative histogram. Inset: Average
MEPSC frequencies from WT, non-dyskinetic PNKD, non-dys kinetic PNKD with caffeine, and
dyskinetic PNKD mice. E-G. Electrically evoked EPSCs in slices from WT and dyskinetic PNKD
mice. E. Left: Average paired pulse ratio (PPR) of evoked EPSCs. Right: Representative EPSCs
with 25 ms interspike interval (ISI). F. Left: Normalized evoked EPSC amplitude in iMSNs
subjected to high frequency stimulation (HFS, arrow) to elicit long-term depression. Right:
Representative EPSCs before (thin line) and after (thick line) HFS. G. Left: Normalized evoked
EPSC amplitude in iMSNs treated with WIN 55,212. Right: Representative EPSCs before (thin
line) and after (thick line) WIN 55,212. All values are displayed as average + SEM.
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Figure 8. Cannabinoid CB1 antagonists block iMSN suppression and dyskinesia in PNKD
mice. A. Experimental timeline. PNKD mice were pretreated with the endocannabinoid antagonist
AM251 (5 mg/kg) or vehicle prior to caffeine injection. B. Dyskinesia score in PNKD mice during
these trials. C, D. Average Z-scored firing rates from PNKD mice treated with caffeine, with or
without AM251 pretreatment. C. Unidentified striatal units. D. Optogenetically identified iIMSNSs.
All values are displayed as average = SEM.
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Supplemental Figure 1 (related to Figure 2). Dyskinesia alters striatal firing rates in PNKD
mice. A. Dyskinesia scores of WT and PNKD mice treated with systemic (intraperitoneal, 1P)
ethanol (1.5 g/kg; dotted line) B. Velocity of WT and PNKD mice treated with IP ethanol. C.
Velocity of WT and PNKD mice treated with IP caffeine (25 mg/kg; dotted line). D. Schematic
diagram showing (in coronal section) infusion cannulae implanted in the bilateral dorsolateral
striatum (DLS). E. Representative postmortem histological section from a mouse implanted with
bilateral infusion cannulae, estimating the sites of drug infusion by the lipophilic dye FM4-64X,
which was infused just prior to sacrifice. F. Schematic diagram showing microelectrode array
implant in the left DLS. The DLS was also injected with AAV-DIO-ChR2-eYFP. G. Representative
postmortem histological section showing region of ChR2-eYFP expression (green) around the
recording sites (electrolytic lesion is small hole in tissue). H. Summary of recording sites, as
marked by electrolytic lesions. |, J. Firing rate changes of individual unidentified striatal units
(putative MSNs) between baseline (pre) and 30-60 minutes following caffeine administration
(caffeine). Absolute firing rates are shown at left and Z-scored firing rate is shown at right. |. Firing
rates in wild-type (WT) animals. J. Firing rates in PNKD animals. K. Average Z-scored firing rates
of unidentified MSNs before and after IP ethanol administration (T=0) in WT and PNKD mice.
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Supplemental Figure 2 (related to Figure 2). Recordings from optogenetically-identified
dMSNs and iMSNs in wild-type and PNKD mice. A. Example of typical single-unit (red) and
multiunit (black) waveforms as displayed in PCA space. B. Histogram showing the latency of
individual optogenetically labeled MSNs to laser pulses. Latency was calculated as time to the
first (of at least 20) 1 ms bin in which firing rate exceeded the 99% confidence interval of the
baseline. C-F. Individual firing rate changes between baseline (pre) and 30-60 minutes following
caffeine administration (caffeine). Absolute firing rates are shown at left and Z-scored firing rate
is shown at right for WT dMSNs (C), PNKD dMSNs (D), WT iMSNs (E), and PNKD iMSNs (F). G.
Individual PNKD iMSN firing rate changes observed during prolonged sessions, between baseline
(pre), 30-60 minutes following caffeine administration (dyskinetic) and after full behavioral
recovery (post). Absolute firing rates are shown at left, and Z-scored firing rate at right. H, I.
Average Z-scored firing rates of optogenetically-identified direct pathway MSNs (dMSNs, H) or
indirect pathway MSNs (iMSNs, ) in WT and PNKD mice before and after ethanol administration
(T=0).
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Supplemental Figure 3 (related to Figure 5). Chemogenetic activation of iIMSNs blunts
dyskinesia in PNKD mice. A. Schematic diagram of optrode recording configuration in sagittal
view with ChR2-eYFP and hM3D(Gs)-mCherry injected in the dorsolateral striatum. B.
Experimental design. C. Average Z-scored firing rates of MSNs in WT or PNKD before and after
saline or CNO administration. D. Average Z-scored firing rates of optogenetically-identified
indirect pathway MSNs (iMSNs) in WT and PNKD before and after saline or CNO administration.
All values are displayed as average = SEM.
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Supplemental Figure 4 (related to Figure 6). Caffeine does not modulate intrinsic
excitability in WT or PNKD dMSNs. A. Current clamp recordings from a representative WT
(black) or PNKD (green) dMSN displaying responses to injected current steps (100-pA steps). B.
Summary of firing frequency in response to injected current in WT (black open circles) and PNKD
(green filled circles) dMSNs. C. Current clamp recordings from a representative WT dMSN
displaying responses to injected current steps before (black) and after (purple) caffeine
application. D. Summary of firing frequency in response to injected current in WT dMSNs before
(black open circles) and after (purple open circles) caffeine application. E. Current clamp
recordings from a representative PNKD dMSN displaying responses to injected current steps
before (grey) and after (purple) caffeine application. F. Summary of firing frequency in response
to injected current in PNKD dMSNs before (grey filled circles) and after (purple filled circles)
caffeine. All values are displayed as average + SEM.
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Supplemental Figure 5 (related to Figure 7). Caffeine does not modulate intrinsic
excitability in WT or PNKD iMSNs. A. Current clamp recordings from a representative WT
(black) or PNKD (red) iMSN displaying responses to injected current steps (100-pA steps). B.
Summary of firing frequency in response to injected current in WT (black open circles) and PNKD
(red filled circles) iIMSNs. C. Current clamp recordings from a representative WT iMSN displaying
responses to injected current steps before (black) and after (purple) caffeine application. D.
Summary of firing frequency in response to injected current in WT iMSNs before (black open
circles) and after (purple open circles) caffeine application. E. Current clamp recordings from a
representative PNKD iMSN displaying responses to injected current steps before (grey) and after
(purple) caffeine application. F. Summary of firing frequency in response to injected current in
PNKD iMSN before (grey filled circles) and after (purple filled circles) caffeine. All values are
displayed as average + SEM.
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CNS wanscripiomes analyzed in this shudy

Dataset name Source Species |[Region| S le Prep | Age Platform Outliers | Samples Post-OC | Batch Carrection Reference

Hs AMY _ABI ABl Human | AMY |Disseclion / LMD | Aduk Agient 0 72 NO Hawrylycz et al, 2015)
Hs.CB_ABI ABl Human CB | Dissection f LMD | Aduk Agient 4 364 NO Hawylycz et al, 2015)
Hs_DIABI ABI Human DI | Dissection / LMD | Aduk Agilent 7 333 NO {Hawrylycz et al, 2015)

Hs. FCX_ABI ABl Human | FCX |Dissection / LMD | Aduk Agient 12 533 NO Hawrylycz et al, 2015)
Hs HIP_ABI ABl Human | HIP |Dissection / LMD | Aduk Agilent o 188 NO Hawnylycz et al, 2015)
Hs LIM ABI ABl Human LIM | Dissection / LMD | Adult Agient 6 195 NO Hawrylycz et al, 2015)
Hs MID.ABI ABl Human | MID | Dissection / LMD | Aduk Agient 0 182 NO Hawrylycz et al, 2015)

Hs OCX ABI ABl Human | OCX | Disection / LMD | Aduk Agilent 3 210 NO {Hawrylycz et al, 2015)

Hs. PCX ABI ABl Human | PCX |Dissection / LMD | Aduk Agient 5 285 NO Hawrylycz et al, 2015)

Hs STRABI ABl Human | STR | Dissection 7 LMD | Aduk Agilent 5 165 NO Hawrylycz et al, 2015)

Hs TCX ABI ABl Human | TCX |Disseclion / LMD | Aduk Agient 5 465 NO Hawrylycz et al, 2015)

Hs. FCX_.GSE11882 | GSE11882 | Human | FCX Dissection Aduk | AffyU133Plus2 0 48 NO {Berchtold et al 2008)
HsHIP.GSE11882 | GSE11882 | Human HP Dissection Adult | AffyU133Plus? 1 42 NO {Berchtold et al 2008)
Hs PCX.GSE11882 | GSE11882 | Human | PCX Dissection Adulk | AffyU133Plus? 0 43 NO {Berchtold et al 2008)
Hs TCX GSE11882 | GSE11882 | Human | TCX Dissection Adukt | AFfyU133Plus? 0 39 NO {Berchtold et al 2008)
Hs AMY GSE25219| GSE25219 | Human | AMY Dissection Aduk| AffyExon1.0 0 26 NO {Kang et al, 2011)

Hs.CB.GSE25219 | GSE25219 | Human CB Dissection Aduk| AffyExon1.0 0 25 NO {Kang et al, 2011)

Hs DIL.GSE25219 GSE25219 | Human D Dissection Adult | AffyExon1.0 0 27 NO {Kang et al , 2011)

Hs FCX GSE25219 | GSE25219 | Human | FCX Dissection Adukt| AffyExon1.0 3 141 NO {Kang et al , 2011)
HsHIP.GSE25219 | GSE25219 | Human | HIP Dissection Aduk | AffyExon1.0 1 25 NO {Kang et al, 2011)
Hs OCX GSE25219| GSE25219 | Human | OCX Dissection Adukt| AffyExon1.0 0 29 NO {Kang et al , 2011)
Hs PCX.GSE25219 | GSE25219 | Human | PCX Dissection Aduk| AffyExon1.0 0 56 NO {Kang et al, 2011)
Hs STR.GSE25219 | GSE25219 | Human SR Dissection Adult | AffyExon1.0 0 27 NO {Kang et al , 2011)
Hs TCX GSE25219 | GSE25219 | Human | TCX Dissection Adukt| AffyExon1.0 0 86 NO {Kang et al , 2011)

Hs.CB.GSE36192 | GSE36192 | Human CB Dissection Aduk | 1imnHT12v3 29 306 YES {Hemandez et al, 2012)
Hs.FCX . GSE36192 | GSE36192 | Human | FCX Dissection Aduk | limnHT12v3 25 362 YES {Hemandez et al, 2012)

Hs.CB.GSE3790 GSE3790 | Human CB Dissection Aduk| AfyU133A 0 27 YES {Hodges et al, 2006)

Hs FCX GSE3 790 GSE3790 Human FCX Dissection Adult|  ARyU133A 0 28 YES {Hodges et al, 2006)

Hs STR GSE3790 GSE3790 | Human | STR Dissection Adult| AffiyU133A 0 32 YES {Hodges et al , 2006)

Hs AMY_ GSE45642 | GSE45642 | Human | AMY Dissection Aduk| AffyU133A 0 32 YES {Liet al, 2013)

Hs.CB.GSE45642 | GSE45642 | Human CB Dissection Aduk| AffyU133A 0 42 YES {Liet al, 2013)

Hs FCX GSE45642 | GSE45642 | Human | FCX Dissection Adukt| AffiyU133A 1 75 YES {Lietal, 2013)
HsHIP.GSE45642 | GSE45642 | Human HP Dissection Adult|  ARyU133A 2 59 YES {Lietal,K 2013)
Hs LIMGSE45642 | GSE45642 | Human LIM Dissection Adult| AffiyU133A 0 64 YES {Lietal, 2013)
Hs.5TR.GSE45642 | GSE45642 | Human [ STR Dissection Aduk| AffyU133A 2 63 YES {Liet al, 2013)

Hs CB.GSEA6706 GSE46706 | Human CB Dissection Adukt | AffyExon1.0 0 94 NO {Ramasamy et al , 2014)

Hs. DLGSE46706 GSE46706 | Human Dl Dissection Adukt| AffyExon1.0 0 93 NO {R etal, 2014)
Hs.FCX . GSE46706 | GSE46706 | Human | FCX Dissection Aduk | AffyExon1.0 5 90 NO {Ramasamy et al, 2014)
HsHIP.GSE46706 | GSE46706 | Human | HIP Dissection Adukt| AffyExon1.0 2 92 NO R etal, 2014)
HsMD.GSE46706 | GSE46706 | Human | MID Dissection Aduk| AffyExon1.0 0 71 NO {Ramasamy et al, 2014)

Hs OCX.GSE46706| GSE46706 | Human | OCX Dissection Adukt | AffyExon1.0 6 a0 NO {Ramasamy et al , 2014)
Hs STR GSE46706 | GSE46706 | Human | STR Dissection Adukt| AffyExon1.0 0 97 NO {R etal, 2014)
Hs. TCX . GSE46706 | GSE46706 | Human | TCX Dissection Aduk | AffyExon1.0 8 76 NO {Ramasamy et al, 2014)

Hs AMY_GTeX GTEx Human | AMY Dissection Aduk RNAseq 6 59 NO {The GTEx Ct tum et al 2015)
Hs CB.GTeX GTEx Human CB Dissection Aduk RNAseq T 93 NO {The GTEx Consoitum et al 2015)
Hs DIL.GTeX GTEx Human D Dissection Aduk RNAseq 5 82 NO {The GTEx Consoitum et al 2015)

Hs FCX GTeX GTEx Human | FCX Dissection Aduk RNAseq 5 95 NO {The GTEx Consoitium et al 2015)
Hs HP.GTeX GTEx Human | HP Dissection Aduk RNAseq 3 84 NO {The GTEx Consortum et al 2015)

Hs.MID.GTeX GTEx Human | MID Dissection Aduk RNAseq T 48 NO {The GTEx Ct tum et al 2015)

Hs.5TR.GTeX GTEx Human | STR Dissection Aduk RNAseq 27 280 NO {The GTEx Consoitum et al 2015)
Hs LIM GTeX GTEx Human LIM Dissection Aduk RNAseq 4 76 NO {The GTEx Consoitum et al 2015)

Hs FCXRNAseq |Bramnspanorg | Human | FCX Dissection Adult RNAseq 0 44 NO Brainspan_org

Hs. TCXRNAseq |Bmamnspanorg| Human | TCX Dissection Aduk RNAseq 1 26 NO Brainspan_org

Table 1. Human CNS transcriptomes analyzed in this study. Dataset_name: Dataset (Hs =

human);

Source: Gene Expression Omnibus identifier or resource name (ABI = Allen Brain

Institute, GTEXx = Genotype-Tissue Expression project); Species: human; Region: CNS region
(AMY = amygdala, CB = cerebellum, CTX = cortex, DI = diencephalon, FCX = frontal cortex, HIP
= hippocampus, LIM = limbic cortex, MID = midbrain, OCX = occipital cortex, PCX = parietal
cortex, STR = striatum, TCX = temporal cortex); Sample Prep: dissection = macro-dissection;
Adult: >= 18 years of age; Technology Platform: Affy = Affymetrix; Outliers: Number of outlier
samples that were removed; Samples Post-QC: Number of samples remaining after quality
control (QC); Batch Correction: Whether batch correction was performed; Reference: Reference
or website of the dataset.
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Gene Entrez ID | # Datasets | # Samples | Meanr |Z-Score Reference
HPCA 3208 5 632 0.88 34.2 Charlesworth et al, Am J Hum Genet 2015
PDE10A 10846 5 632 0.85 31.3 Mencacci et al, Am J Hum Genet 2016
KCTD17 79734 5 632 0.85 30.8 Mencacci et al, Am J Hum Genet 2015
ANO3 63982 5 632 0.8 27.5 Charlesworth et al, Am J Hum Genet 2015
ADCY5 111 4 569 0.82 27.4 Chen et al, Arch Neurol 2012
PRRT2 112476 4 569 0.79 25.1 Chen et al, Nat Genet 2011
PNKD 25953 4 569 0.71 20.9 Lee et al, Hum Mol Genet 2004
GNAL 2774 5 632 0.62 18.1 Fuchs et al, Nat Genet 2013
TOR1A 1861 5 632 0.6 17.2 Ozelius et al, Nat Genet 1997
TUBB4A 10382 5 632 0.52 14.2 Hersheson et al, Ann Neurol 2013
GCH1 2643 5 632 0.41 10.9 Ichinose et al, Nat Genet 1994
Clz1 25792 5 632 0.41 10.7 Xiao et al, Ann Neurol 2012
THAP1 55145 5 632 0.35 9.08 Fuchs et al, Nat Genet 2009
CYP2U1 113612 4 569 0.28 6.89 Citterio et al, J Neurol 2013
PRKRA 8575 5 632 0.25 6.4 Zech et al, Mov Disord 2014
KMT2B 9757 5 632 0.24 6.16 Zech et al, Am J Hum Genet 2016
VPS16 64601 3 508 0.24 5.37 Cai et al, Sci Rep 2016
COMT 1312 5 632 0.0089 |0.221 Gu et al, Neurol Sci 2016
ECHS1 1892 5 632 0.0054 |0.134 Olgiati et al, Mov Disord 2016
POC1B 282809 4 569 -0.016 -0.375 |Gu et al, Neurol Sci 2016
ACY1 95 4 569 -0.029 -0.677 |Sass et al, Metab Brain Dis 2016
COLBA3 1293 5 632 -0.062 -1.55 Zech et al, Am J Hum Genet 2015
GCDH 2639 5 632 -0.11 -2.64 Marti-Masso et al, Hum Genet, 2012

Table 2. Dyskinesia Gene Set. Gene: HGNC gene symbol; Entrez ID: Entrez identifier; Number
of Datasets: The number of gene expression datasets from human striatum that included data for
each gene; Number of Samples: The total number of human striatal samples in these datasets;
Dyskinesia Mean R: The aggregate correlation (Methods) between the expression of each gene
and the dyskinesia module eigengene over all samples from all human striatal datasets;
Dyskinesia Z-Score: Z-score of the association of each gene with the dyskinesia module over all
human striatal datasets; Reference: Published study that implicates each gene in human
dyskinesia.
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CHAPTER 3

A subset of striatal neurons mediates levodopa-induced dyskinesia
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3.1 Abstract

Parkinson’s disease is characterized by the progressive loss of midbrain dopamine
neurons. Dopamine replacement therapy with levodopa alleviates parkinsonian motor
symptoms, but is complicated by the development of involuntary movements, termed
levodopa-induced dyskinesia (LID). Aberrant activity in the striatum has been
hypothesized to cause LID. Here, to establish a direct link between striatal activity and
dyskinesia, we combine optogenetics and a method to manipulate dyskinesia-associated
neurons, Targeted Recombination in Active Populations (TRAP). We find that TRAPed
cells are a stable subset of sensorimotor striatal neurons, predominantly from the direct
pathway, and that reactivation of TRAPed striatal neurons causes dyskinesia in the
absence of levodopa. Inhibition of TRAPed cells, but not a nonspecific subset of direct
pathway neurons, ameliorates LID. These results establish that a distinct subset of striatal
neurons is causally involved in LID and indicate that successful therapeutic strategies for

treating LID may require targeting functionally-selective neuronal subtypes.
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3.2 Introduction

In Parkinson’s disease (PD), degeneration of midbrain dopamine neurons leads to
slowing of movement (bradykinesia), rigidity, and tremor. Levodopa, the gold standard
dopamine replacement therapy, alleviates motor symptoms for many years, but
eventually triggers abnormal involuntary movements, termed levodopa-induced
dyskinesia (LID). Pharmacological treatment for LID is limited. Development of new
therapies has been hampered by limited understanding of the relationship of specific brain
areas and cell types to dyskinesia.

LID-associated aberrant activity has been observed in several brain regions, but
which area and/or cell types cause dyskinesia is unknown. One hypothesis is that by
increasing dopamine release, levodopa evokes abnormal activity in the striatum, the
primary input nucleus of the basal ganglia, and a major target of midbrain dopaminergic
neurons. Compelling pharmacological, biochemical, and electrophysiological data from
rodent and nonhuman primate models of LID indirectly support this hypothesis: local
striatal infusion of levodopa triggers dyskinesia in parkinsonian rats (Buck et al., 2010),
striatal firing rate and pattern change markedly in parkinsonian monkeys with LID (Liang
et al.,, 2008; Singh et al., 2015), and biochemical changes are seen in parkinsonian
rodents treated with levodopa. Immediate early genes (IEGs) such as c-Fos, FosB, and
AFo0sB are consistently upregulated in the striatum of animals with LID (Jenner, 2008).
However, other brain regions have also been implicated, including primary motor cortex
(M1) (Halje et al., 2012; Lindenbach and Bishop, 2013; Swann et al., 2016) and primary

somatosensory cortex (S1) (Alam et al., 2017). Interconnections between these brain
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regions add uncertainty regarding the origin of aberrant activity and heighten the need to
look brain-wide to find the specific cell types and patterns of activity that cause LID.
Striatal IEG expression correlates with dyskinesia severity in parkinsonian
primates (Berton et al., 2009), but these findings do not indicate whether striatal activation
is causal. To investigate which brain regions and cell types cause LID, we used a
transgenic mouse tool, Targeted Recombination in Active Populations (TRAP)
(Guenthner et al.,, 2013), in combination with a well-established mouse model of LID
(Cenci and Lundblad, 2007). Based on Fos-driven CreER, TRAP allows identification and
subsequent manipulation of activated neurons, captured during a time window defined by
tamoxifen administration. Using TRAP, we find LID-associated neurons in several brain
regions, including M1, S1, and striatum. Optical reactivation of LID-associated striatal
neurons, but not LID-associated neurons in other brain regions, triggered dyskinesia in
the absence of levodopa. Furthermore, inhibiting striatal LID-associated neurons, but not
nonspecifically labeled neurons in the same region, reduced dyskinesia, indicating that a

distinct subpopulation of striatal neurons mediates LID.
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3.3 Results
Targeted recombination in active populations (TRAP) captures levodopa-induced
dyskinesia (LID)-associated neurons

We first validated the mouse model of LID in wild-type (WT) mice, examining
behavior and IEG expression (Figure S1A). To control for the effects of parkinsonism and
levodopa treatment itself, we divided mice (N=34) into four experimental groups, based
on parkinsonian state (unilateral intrastriatal injection of saline or the neurotoxin 6-OHDA,
the latter to deplete dopamine neurons, Figure S1B) and systemic treatment (daily
intraperitoneal saline or levodopa/benserazide). During behavioral sessions, a blinded
experimenter measured open field locomotor behavior (drug-induced rotations) or scored
dyskinesia in response to saline or levodopa injection. While parkinsonian animals rotate
ipsilateral to the dopamine depleted side, levodopa evokes contralateral rotations (6-
OHDA/levodopa group, Figure S1E). Dyskinesia was quantified using a validated rating
scale for abnormal involuntary movements (AIMs) (Cenci and Lundblad, 2007).
Nonparkinsonian animals treated with systemic saline (saline/saline, N=6) or levodopa
(saline/levodopa, N=6) did not develop dyskinesia (Figure S1C). Similarly, parkinsonian
animals treated with systemic saline (6-OHDA/saline, N=6) did not develop dyskinesia
(Figure S1C). However, parkinsonian mice receiving levodopa (6-OHDA/levodopa, N=16)
developed dyskinesia, peaking 20-40 minutes after injection (Figure S1C). LID was
reliably evoked over 3 weeks of treatment (Figure S1D). To evaluate IEG expression in
LID, we sacrificed animals 2 hours after saline or levodopa injection and immunostained
for c-Fos (Figure S1F-I). As expected, c-Fos positive nuclei were markedly increased in

the sensorimotor, or dorsolateral striatum (DLS) of 6-OHDA/levodopa-treated mice
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(Figure S1l). However, striatal expression of c-Fos was not increased in other groups
(Figure S1J), consistent with other studies employing intrastriatal dopamine depletion
(Pavon et al., 2006).

We repeated these experiments in FOSTRAP (FosCeER*R26A14+) mice (N=39),
again in four experimental groups based on intrastriatal injection (Figure 1A) and systemic
treatment (Figure 1B). Postmortem staining for tyrosine hydroxylase (TH) was used to
confirm dopamine depletion (Figure 1C). As in WT mice, FOSTRAP mice treated with 6-
OHDA and levodopa (N=11) showed contralateral rotations (Figure 1F) and dyskinesia
(Figure 1D-E,G), while the three control groups did not (N=10 saline/saline, N=9
saline/levodopa, and N=9 6-OHDA/saline mice). We then used FosTRAP to capture
neurons activated during LID by administering the short-acting tamoxifen metabolite, 4-
hydroxytamoxifen (4-OHT), during a single levodopa or saline treatment session. In
FosTRAP mice, the pairing of 4-OHT and a behavioral state which activates c-Fos, such
as dyskinesia, leads to Cre-dependent expression of tdTomato (Guenthner et al., 2013).
We captured activated cells one week into daily saline or levodopa treatment (Figure 1B)
and sacrificed animals two weeks later to quantify tdTomato expression (henceforth
called “TRAPed cells”) brain-wide (Figure 1H). We focused on three candidate brain
areas: the striatum, primary somatosensory cortex (S1), and primary motor cortex (M1).
TRAPed cells were found in each region (Figure S1K), but differed in abundance. As with
c-Fos immunostaining, we found a marked increase in TRAPed cells in the DLS of
60OHDA/levodopa-treated mice (Figure 1H, right panel). The density and number of
TRAPed cells was increased in the striatum of these mice as compared to the three

control groups (Figure 11, S1L, p<0.01, N=10 animals). TRAPed cells were also observed
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in S1 and M1, but were not significantly enriched in 6-OHDA/levodopa treated mice over
control groups (Figure 11, S1L, N=10 animals each). These results are consistent with
previous studies showing strong striatal IEG activation in rodents with LID (Jenner, 2008).

As FosTRAP requires time for Cre-dependent fluorophore expression, and c-Fos
labeling reflects activation just prior to sacrifice, it is not possible to confirm whether
FosTRAP and c-Fos label the same cells in a given levodopa session. However, we
examined whether FOSTRAP and c-Fos capture a similar group of cells across two
sessions by c-Fos immunostaining tissue from FOSTRAP mice administered levodopa 2
hours prior to sacrifice. TRAPed and c-Fos positive cells reflect activation of cells from
levodopa sessions 2-3 weeks prior and just prior to perfusion, respectively. Remarkably,
we saw extensive overlap between striatal TRAPed and c-Fos-positive cells (Figure 1J-
L, 98.1% + 0.4, N=7 animals). As individual IEGs differ in their pattern of activation, we
also examined the expression of two other LID-associated IEGs, AFosB and Erg-1, in
TRAPed cells (Figure S1M,0). As with c-Fos, we saw extensive overlap between
TRAPed cells and these cellular markers (Figure S1N,P, AFosB, 83.3% + 1.9, Erg-1,
83.4% + 1.7, N=3 animals each). Together, these results suggested that TRAP and IEGs
capture overlapping populations of neurons, but further, that LID-associated striatal cells

represent a consistent, nonrandom population session to session (Figure S1Q).

TRAPed cells are primarily direct pathway medium spiny neurons
We next investigated which striatal cell types were TRAPed during LID, using
confocal imaging to quantify colocalization of tdTomato and neuronal markers in

postmortem tissue from 6-OHDA/levodopa-treated mice. Not surprisingly, we found that
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99.0 + 0.10% of activated cells were neurons, by colocalization with the marker NeuN
(Figure 2A,G, N=4 animals). Next, we focused on whether TRAPed cells were striatal
projection neurons (medium spiny neurons, MSNSs), cholinergic interneurons, or
GABAergic interneurons. We hypothesized that levodopa-evoked striatal dopamine
release activates neurons via “excitatory” D1-like receptors (Surmeier et al., 2011), which
are expressed on a subset of MSNs and parvalbumin (PV)-positive GABAergic
interneurons. Other cell types express “inhibitory” D2-like receptors and would be less
likely to be activated by levodopa. Cholinergic interneurons express both D5 (Bergson et
al., 1995) and D2 receptors, so it was difficult to predict whether they would be activated
by levodopa. Immunohistochemistry for the markers of major striatal cell types revealed
that none of the TRAPed cells expressed choline acetyltransferase (ChAT, Figure 2B,G,
N=3 animals), 1.0 £ 1.0% expressed Neuropeptide Y (NPY, Figure 2C,G, N=3 animals),
and 5.0 £ 2.0% expressed PV (Figure 2D,G, N=3 animals). From these results, we
reasoned that most TRAPed cells are MSNs. To confirm this hypothesis, we examined

colocalization of the MSN marker DARPP-32 (dopamine- and cAMP-regulated

phosphoprotein Mr~32,000) (Figure 2E, N=4 animals). 93.0 £ 2.0% of all TRAPed cells

were DARPP-32 positive (Figure 2G), confirming the vast majority of TRAPed neurons
are MSNs.

Based on their expression of D1 receptors (Gerfen et al.,, 1990), many have
hypothesized that in parkinsonian animals, levodopa treatment leads to increased activity
of D1-bearing direct pathway MSNs (dMSNSs), and excessive activity in the case of
dyskinesia. Physiological recordings in downstream basal ganglia nuclei are consistent

with, but cannot directly confirm this hypothesis (Boraud et al., 2001, Filion et al., 1991,
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Levy et al., 2001; Lozano et al., 2000; Papa et al., 1999). It is unclear how D2-bearing
indirect pathway MSNs (iIMSNs) are involved. To determine whether activated neurons
are dMSNs, we repeated similar experiments in two additional cohorts of mice:
FosTRAP;Ai14;D2-GFP mice, in which GFP is expressed in iIMSNs, and in Drdla-
tdTomato mice, in which tdTomato is expressed in dMSNs. In the former cohort, we found
that 10.4 + 0.1% of TRAPed neurons were D2-GFP positive (Figure 2F-G, N=3 animals),
and only 3.7 £ 0.5% of c-Fos positive neurons were D2-GFP positive (Figure S2F,H),
suggesting the majority of TRAPed cells are dMSNs. We further corroborated this
hypothesis in the second cohort, by colocalization of D1-tdTomato with c-Fos (Figure
S2A-B, N=18 animals). As in previous experiments, 6-OHDA/levodopa-treated Drdla-
tdTomato mice showed drug-induced rotations and dyskinesia (Figure S2C-E). In
postmortem tissue from levodopa-treated parkinsonian animals, approximately 70.0% =+
4.0 of c-Fos positive nuclei showed colocalization with the dMSN reporter (Figure S2F-G,
N=5 animals). Though all AIMSNs express D1 receptors, only a subset may be activated
by a dopaminergic manipulation. Differential synaptic inputs or sensitivity to dopamine
may lead to heterogeneity amongst dMSN responses. We found that only 20.0 + 2.0% of
all striatal neurons were TRAPed. Indeed, even amongst dMSNSs, only 53.0 + 4.0% show
c-Fos expression (Figure S2G). Together with our earlier results, these findings suggest

that LID recruits a stable subset of predominantly striatal dAMSNSs.

Optogenetic reactivation of TRAPed striatal cells, but not TRAPed S1 or M1 cortical

cells, causes dyskinesia in the absence of levodopa
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TRAPed striatal neurons may be the cause or the effect of dyskinesia, or they may
be activated by levodopa, but be unrelated to dyskinesia. To investigate the relationship
between TRAPed cells and dyskinesia, we asked whether the number or density of
activated neurons correlated with dyskinesia severity across animals (Figure 3A, S3A).
The density and number of TRAPed cells strongly correlated with AIM score in the
striatum, more than in S1 and M1 (Figure 3B, S3B; N=10 animals per area), consistent
with, but not proving, the hypothesis that TRAPed cells cause dyskinesia.

We next wondered how levodopa altered the firing rate of TRAPed striatal neurons,
hypothesizing that levodopa increases the firing rate of TRAPed neurons. To confirm and
further characterize this change in firing rate of TRAPed neurons, we performed optrode
recordings in freely moving mice. We expressed Cre-dependent Channelrhodopsin
(ChR2) in the DLS of dopamine-depleted FosTRAP mice, who were subsequently
implanted with fixed 32-channel optrode arrays (Figure 3C). Animals developed
levodopa-evoked contralateral rotations and dyskinesia as in other cohorts of FOSTRAP
mice (data not shown), and single-unit recordings commenced 1-2 weeks following 4-
OHT administration, to allow for ChR2 expression. During each session, we recorded
striatal activity before and after levodopa administration, and at the end of the session,
delivered a series of blue light pulses to determine if the unit expressed ChR2 (and thus
was TRAPed) (Kravitz et al., 2013). Those units with short-latency responses to blue light
pulses (Figure 3D) were classified as optically-identified TRAPed neurons. As expected,
we found that all optically labeled TRAPed putative MSNs showed a significant levodopa-
evoked increase in firing rate (Figure 3E, baseline: 0.27 £ 0.1 spikes/sec, levodopa: 4.51

+ 1.3 spikes/sec, n=8 cells, N=4 animals). These results suggest that the majority of

110



TRAPed neurons are positively modulated by dopamine, and that increased activity of
such neurons parallels dyskinesia following levodopa administration.

Given both the increase in TRAPed striatal neuron firing rate during dyskinesia and
the correlation between the number of TRAPed striatal neurons and dyskinesia severity,
we next wanted to determine whether reactivating LID-associated neuronal ensembles in
the striatum, in the absence of levodopa, causes dyskinesia. As in previous experiments,
we expressed ChR2 or eYFP in the DLS of FosTRAP mice and implanted optical fibers
(Figure 3F, S3D). Animals showed levodopa-evoked contralateral rotations and
dyskinesia over 3 weeks of levodopa treatment as in previous cohorts (data not shown).
ChR2-eYFP expression in TRAPed cells was confirmed by postmortem histology (Figure
3F, S3E) and current clamp recordings showing light-evoked spiking (Figure S3F). After
4-OHT administration and Cre-dependent opsin expression, two blinded raters scored
behavior during optical stimulation (1 mW blue light). Based on optrode recordings, we
found that 30 second, 1 mW light stimulation transiently evoked firing rates of 3.9 £ 1.6
spikes/sec (Figure S3C) in TRAPed striatal neurons, similar to peak firing rates in
TRAPed striatal neurons in response to levodopa (Figure 3E). In FoOsTRAP-ChR2 mice,
blue light qualitatively reproduced the motor effects of levodopa, including contralateral
rotations and dyskinesia (Figure 3G left; S3G and Movie S1). While in FOSTRAP-eYFP
animals, light did not evoke dyskinesia (N=14 mice; p=1.0), in FoOsTRAP-ChR2 mice, light
increased dyskinesia (N=14 mice; p=0.001). The light-evoked change in both dyskinesia
and rotations was larger in FOSTRAP-ChR2 mice than in eYFP animals (3G middle:
p=0.0002; 3G right: p=0.01). These results suggest that reactivation of striatal LID-

associated neurons is sufficient to cause dyskinesia in the absence of levodopa.
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In contrast, we found that reactivation of TRAPed neurons in other LID-associated
brain regions, S1 and M1, did not evoke dyskinesia. Using a similar approach, we
expressed ChR2 or eYFP in S1 or M1 TRAPed cortical cells (Figure 3H,J, S3H,I,L,M),
which showed light-evoked spiking (Figure S3J,N). We then administered, in separate
sessions, either continuous or pulsatile (10 Hz) blue light, to activate S1 or M1 TRAPed
neurons (p values for each condition are noted). In FosTRAP-ChR2 mice (N=10), optical
stimulation in S1, with continuous or pulsatile blue light, failed to increase rotational
behavior (Figure 3l right; p=0.77 and 0.89, respectively) or dyskinesia (Figure 3l, left; p=
0.25 and 0.31, respectively). In FosTRAP-eYFP mice (N=8), S1 light also failed to change
rotations (p=0.52 and 0.91, respectively) or dyskinesia (p=0.25 and 0.25, respectively).
There were also no differences noted in the light-evoked rotations in FOSTRAP-ChR2 and
eYFP cohorts (p=0.81 and 0.11), nor in light-evoked changes in dyskinesia (Figure 3l,
middle; S3K; p=0.86 and 0.83).

Optical stimulation of M1, with continuous or 10 Hz pulsatile stimulation, also failed
to evoke rotations (Figure 3K, right; p=0.89 and p=0.96, respectively) or dyskinesia
(Figure 3K, left; S30; p=1.0 and p=1.0, respectively) in FOSTRAP-ChR2 mice (N=6). As
predicted, in M1 FosTRAP-eYFP mice (N=5), light administration also did not evoke
changes in rotations (p=0.55 and p=0.65) or dyskinesia (p=0.5 and p=0.25). Finally, there
were no differences in the light-evoked change in rotations (p=0.34 and p=0.53,
respectively) or dyskinesia between the M1 ChR2 and eYFP groups (p=0.85 and p=0.12,
respectively). We did, however, see a significant increase in velocity and total distance
traveled with M1 activation (baseline distance eYFP: 462.3 = 130.0 cm, baseline distance

ChR2: 679.2 £ 236.8 cm, light on epochs distance eYFP: 450.5 + 116.6 cm, light on
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epochs distance ChR2: 846.7 + 257.2 cm, p=0.009, baseline velocity eYFP: 3.7 + 1.1 cm,
baseline velocity ChR2: 5.5 £ 1.9 cm, light on epochs velocity eYFP: 3.6 = 0.9 cm, light
on epochs velocity ChR2: 6.9 + 2.1 cm, p=0.009), as would be expected for stimulation
of motor cortex. These results confirmed that reactivation of TRAPed striatal cells, but not

S1 or M1 cortical cells, is sufficient for dyskinesia in the absence of levodopa.

Optogenetic inhibition of TRAPed striatal neurons, but not nonspecific direct
pathway neurons, ameliorates LID

Dyskinesia triggered by optical reactivation of striatal TRAPed cells suggests they
may be sufficient for dyskinesia, but does not definitively show that these neurons cause
LID under normal conditions. To test whether the activity of TRAPed striatal neurons is
required for LID, we expressed the inhibitory opsin eNpHR3.0 or eYFP (Figure 4A, S4A)
in the DLS of parkinsonian FoOsSTRAP mice treated with daily levodopa. We confirmed
eNpHR3.0 expression with postmortem histology (Figure 4A, S4B) and slice physiology
showing light-evoked inhibition of spiking (Figure S4C). To determine whether inhibition
of TRAPed neurons reduces LID, green light was delivered during peak LID. In neither
eNpHR3.0-expressing animals (N=12), nor in eYFP-expressing controls (N=15), did
green light change rotational behavior (Figure 4B right, p=0.55 and 0.52, respecitvely).
However, in FOSTRAP-eNpHR3.0 mice, green light reduced dyskinesia severity during
light-on periods (Figure 4B left, S4D and Movie S2, p=0.0005). In eYFP controls, green
light did not change dyskinesia severity (p=0.81). The light-evoked reduction in dyskinesia

was greater in eNpHR3.0 animals, as compared to eYFP controls (Figure 4B middle,
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p=0.0002). These results suggested TRAPed striatal cells are also necessary for
dyskinesia, though it remains unclear how they contribute to rotational behavior.
Although LID-associated TRAPed cells are predominantly dMSNs, they represent
only a subset of all dAMSNSs. To determine if this specific subset is necessary for LID, we
tested whether inhibiting a random subset of dAMSNs (as opposed to TRAPed neurons)
could reduce LID, by optically inhibiting DLS dMSNSs in parkinsonian D1-Cre animals
treated with levodopa. We confirmed striatal eNpHR3.0 expression with histology and
slice physiology (Figure 4C, S4E-G). Much to our surprise, optical inhibition of a
comparable number of random dMSNs did not alter rotations or dyskinesia in D1-Cre-
eNpHR3.0 mice (Figure 4D left and right, S4H; p=0.48 and 0.75, respectively; N=10
mice). As expected, green light did not alter rotations or dyskinesia in D1-Cre-eYFP mice
(p=1.0 and 1.0, respectively, N=9 mice). No differences in light-evoked dyskinesias were
observed between the eNpHR3.0 and eYFP groups (4D middle, p=0.88). It was
somewhat surprising that dyskinesia was not reduced in D1-eNpHR3.0 mice, despite the
fact that we were likely manipulating significantly more neurons in D1-eNpHR3.0 mice
than FOsTRAP-eNpHR3.0 mice (Figure S4l). Taken together, our results suggest that
TRAPed cells may represent a specific subset of striatal direct pathway neurons

necessary for levodopa-induced dyskinesia (Figure S4J).
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3.4 Discussion

We used optogenetics and FOSTRAP to investigate the neural populations that
cause levodopa-induced dyskinesia (LID). Although LID-associated neurons were found
brain-wide, the number of activated neurons in the striatum correlated most strongly with
dyskinesia severity, and optogenetic reactivation of these neurons caused dyskinesia in
the absence of levodopa. Inhibition of TRAPed striatal neurons, but not a random set of
dMSNs, ameliorated LID. While these results corroborate many studies implicating the
striatum in LID (Andersson et al., 1999; Berton et al., 2009; Buck et al., 2010; Cao et al.,
2010; Engeln et al., 2014; Westin et al., 2001), our study is the first to establish that a
specific and stable subset of striatal neurons causally mediates LID.

Many suspect LID is the result of excessive dMSN activity, and previous studies
have treated dMSNs as a single group experiencing biochemical and physiological
changes during LID. Our results combining FosTRAP with traditional c-Fos
immunohistochemistry showed that dyskinetic attacks triggered weeks apart activated a
highly overlapping population of striatal neurons. This surprising finding suggests that the
dMSNs activated during LID are a highly selective and stable subgroup (Figure S1Q).
Within this subpopulation, there were many dMSNSs, as has been suggested in previous
studies of IEGs in LID. We also found that these TRAPed MSNs showed elevated firing
rates in response to levodopa in vivo. However, our experiments showed LID recruits a
handful of PV-positive interneurons, and somewhat surprisingly, a small number of
IMSNs. Taken together, these results suggest LID is mediated by a varied, but specialized

ensemble within the striatum.
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Optical stimulation may impose non-physiological levels or patterns of activity on
brain circuits. Though recent studies demonstrated that optical or chemogenetic
stimulation of sensorimotor striatum of parkinsonian animals, either nonspecifically or in
dMSNSs, can evoke dyskinesia (Alcacer et al., 2017; Hernandez et al., 2017; Perez et al.,
2017), dyskinesia has also been reported with dMSN stimulation in healthy animals
(Rothwell et al., 2015). These observations suggest synchronous activation of a large
number of dMSNSs in the sensorimotor striatum may be sufficient to cause dyskinesia, but
do not indicate which neurons are normally engaged in LID. Optical reactivation of LID-
associated neurons in our study has many of the same methodological caveats, though
single-unit recordings of TRAPed striatal neurons suggests light-evoked firing in TRAPed
neurons approximated firing rates achieved by TRAPed neurons during LID. In addition,
inhibiting LID-associated striatal neurons reduced LID, whereas inhibiting a comparable
number of dMSNs did not. This observation suggests (1) TRAPed striatal neurons are
necessary and sufficient to produce dyskinesia in parkinsonian animals, and (2) TRAPed
neurons represent a more LID-specific subset of neurons than dMSNs overall.

Why is inhibiting TRAPed striatal neurons more effective than inhibiting dMSNs to
reduce LID? One explanation may be that circuit reorganization, triggered by
parkinsonism itself, or by chronic levodopa treatment, is heterogeneous within the
striatum. For example, TRAPed neurons may be particularly vulnerable to aberrant
corticostriatal plasticity, which has been reported in rodent models of LID (Bagetta et al.,
2012; Fieblinger et al., 2014; Picconi et al., 2003; Shen et al., 2015; Zhang et al., 2013).
Alternatively, TRAPed cells may differ from neighboring dMSNs in local inhibitory

connections (Gittis et al., 2011a), synaptic output (Borgkvist et al., 2015), or sensitivity to
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dopamine (Heiman et al., 2014), which in turn may drive the differences in behavior
evoked by manipulating TRAPed versus random dMSNs. Finally, the TRAPed population
included a small number of PV-positive striatal neurons and iMSNs, which may contribute
to circuit dysfunction and dyskinesia. Though several studies have implicated PV-positive
interneurons in dyskinesia (Alberico et al., 2017; Gernert et al., 2000; Gittis et al., 2011b),
at this point it is unclear how these interneurons contribute to dyskinesia without cell type-
specific experiments directly testing causality.

Our results suggest that LID is caused by a distinct and stable group of striatal
neurons. To take full advantage of this observation, these neurons will require further
study, including a deeper examination of their activity patterns and behavioral correlates
in vivo, and their cellular and synaptic properties in vitro. Taken together, these results
could help identify new pharmacological targets for the prevention and management of

LID.
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3.5 Experimental Procedures
Animals:

Six different types of transgenic mice, of either sex, aged 3-6 months, all on a
C57BI/6 background, were used in this study. Hemizygous FosTRAP mice (Ligqun Luo,
Stanford) were bred to either wild-type C57BI/6 mice (WT, Jackson Labs) or homozygous
Ail4 mice (Jackson Labs) to yield FOSTRAP;WT or FOSTRAP;Ai14 mice. Hemizygous
Drdla-tdTomato mice (Shuen et al., 2008) were bred against WT mice to produce Drdla-
tdTomato;WT animals. Hemizygous D2-GFP mice (Gong et al., 2003) were bred against
WT mice to produce D2-GFP;WT animals. To look for colocalization of FOSTRAP and D2-
GFP in the striatum, hemizygous FOSTRAP;Ai14 mice were bred to hemizygous D2-GFP
mice to yield FOSTRAP;Ai14;D2-GFP mice. To manipulate direct pathway neurons,
hemizygous Drd1-Cre (D1-Cre-217) mice were crossed to WT animals to yield D1-
Cre;WT mice. Animals were housed 1-5 per cage on a 12-hour light/dark cycle with ad
libitum access to rodent chow and water. All behavioral manipulations were performed
during the light phase. We complied with local and national ethical and legal regulations
regarding the use of mice in research. All experimental protocols were approved by the
UC San Francisco Institutional Animal Care and Use Committee.

Surgical Procedures:

All surgical procedures were performed at 3-6 months of age. Anesthesia was
induced with intraperitoneal (IP) injection ketamine/xylazine and maintained with 0.5%-
1.0% inhaled isoflurane. Mice were placed in a stereotaxic frame and a mounted drill was
used to create two small holes over the left dorsolateral striatum. The left dorsolateral

striatum (DLS, = 1.0 AP, + 2.4 ML, - 3.0 mm DV) was injected at two sites using a 33-

118



gauge needle with 2-2.5 pl per site 6-Hydroxydopamine (6-OHDA)-bromide (to render
mice parkinsonian) or normal saline (for control animals). In some experiments, AAV5-
DIO-ChR2-eYFP (UPenn Vector Core, 1 uL of 1:1 diluted virus per site), AAV5-DIO-eYFP
(UNC Vector Core, 1 ul per site), or AAV5-DIO-eNpHR3.0 (UNC Vector Core, 1 pL per
site) was also injected in the DLS (£ 1.0 AP, + 2.4 ML, - 3.0 mm DV). 6-OHDA, saline,
and virus were injected at a rate of 0.15 pl/min, after which the injection cannula was left
in place for 10-15 minutes prior to being withdrawn and the scalp being sutured. For
experiments targeting cortical regions, AAV5-DIO-ChR2-eYFP or AAV5-DIO-eYFP was
injected at two sites in primary somatosensory cortex (S1, +0.9 AP, +3.0 ML, -0.5 mm DV
and -1.1 AP, +3.0 ML, -0.4 mm DV) or primary motor cortex (M1, +1.9 AP, +1.9 ML, -0.75
mm DV and -0.1 AP, +1.15 ML, -0.6 mm DV). For subsequent optical manipulations, the
scalp was reopened 4-5 weeks after initial surgeries to implant optical fiber-ferrule
assemblies in the DLS, S1, or M1 sites: DLS (£ 1.0 AP, + 2.4 ML, - 2.8 mm DV), S1 (+0.9
AP, +3.0 ML, -0.2 mm DV and -1.1 AP, +3.0 ML, -0.2 mm DV), and M1 (+1.9 AP, +1.9
ML, -0.55 mm DV and -0.1 AP, +1.15 ML, -0.55 mm DV). Ferrules were secured in place
with dental cement (Metabond) and dental acrylic (Ortho-Jet). The scalp was then sutured
and the mouse was allowed to recover from anesthesia.

In preparation for in vivo single-unit recordings, FOSTRAP;Ai14 mice were injected
with 6-OHDA and ChR2, as described above, and optrode arrays were implanted in a
subsequent surgical procedure. After the skull was reopened, a large craniectomy (1.5 x
1 mm) was created over the DLS, and two additional holes were drilled for placement of
a skull screw (Fine Scientific Tools, FST) and ground wire, both over the contralateral

hemisphere. A fixed multichannel electrode array (32 tungsten microwires, Innovative
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Neurophysiology) coupled to a 200 um optical fiber (Thorlabs) was slowly lowered
through the craniectomy into the DLS. The final location of the array was targeted 100-
200 ym above the previous 6-OHDA and ChR2 injection (-2.7-2.8 mm DV). The array
was covered and secured into place with dental cement and acrylic, as above. In 2 of 4
mice used for in vivo unit recordings, a medial forebrain bundle (MFB) dopamine depletion
was used instead of an intrastriatal depletion. In this case, 1 ul of 6-OHDA was injected
unilaterally into the MFB (-1.0 AP, +1.0 ML, -4.9 mm DV).

All animals were given Buprenorphine (IP, 0.05 mg/kg) and ketoprofen
(subcutaneous injection, 5 mg/kg) for postoperative analgesia. Parkinsonian animals
were monitored closely for 1 week following surgery: mouse cages were kept on a heating
pad, animals received daily saline injections and were fed nutritional supplements (Diet-
Gel Recovery Packs and forage/trail mix).

Behavior:

Postoperatively, parkinsonian mice were monitored in the open field 1-2 times per
week for 10 minutes per session. All mice were habituated to the open field (clear acrylic
cylinders, 25 cm diameter) for 30 minutes 1-2 days prior to behavioral sessions. The mice
were monitored via two cameras, one directly above (to capture overall movement) and
one in front of the chamber (to capture fine motor behaviors). Video-tracking software
(Noldus Ethovision) was used to quantify locomotor activity, including rotations (full 360°
contralateral or ipsilateral turns), distance traveled, and velocity. After a three-week
baseline period, daily injections of levodopa commenced. Levodopa-induced dyskinesia
(LID) was scored during weekly sessions in which mice were injected, then placed in a

clean, clear cage for visualization. Dyskinesia was quantified using a standard scoring
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method (Cenci and Lundblad, 2007), which takes into account abnormal involuntary
movements (AIMs) in axial, limb, and orofacial (ALO) body segments. Briefly, dyskinesia
was quantified every 20 minutes, over a two-hour period, using a scale of 0-4. A score of
0 indicates no abnormal movement, and a score of 4 describes continuous and
uninterruptable dyskinetic movements; 12 (4 x 3 body segments) is the maximum score
possible for a given time point. For regular weekly dyskinesia scoring, 1-2 blinded
experimenters rated AIMs. For optical reactivation or inhibition experiments, 2 blinded
raters scored mice.
Pharmacology:

6-OHDA (Sigma Aldrich) for intrastriatal dopamine depletions was prepared at 2.5
Mg/ul in normal saline solution. 6-OHDA (Sigma Aldrich) for MFB dopamine depletions
was prepared at 5 yg/ul in normal saline solution. Levodopa (Sigma Aldrich) was always
co-administered with benserazide (Sigma Aldrich) and prepared in normal saline solution.
For cell counts and cell density experiments, (Figure 1 and S1) WT and FOSTRAP;Ai14
animals received 20 mg/kg levodopa and 10 mg/kg benserazide. For optical reactivation
experiments (Figure 3, S3, and Movie S1), 10 mg/kg levodopa and 5 mg/kg benserazide
were used. For optical inhibition experiments (Figure 4, S4, and Movie S2), 5 mg/kg
levodopa and 2.5 mg/kg benserazide were administered. Levodopa was given via IP
injection 5-7 days per week. On the 7™" day of levodopa treatment for FoOsTRAP;Ai14 mice,
animals were given 4-hydroxytamoxifen (4-OHT, 50 mg/kg in Chen oil, IP) exactly one
hour post-levodopa injection to capture dyskinesia-associated neurons (Figure 1B). 4-
OHT was prepared as previously described (Guenthner et al., 2013). Briefly, to prepare

a 20 mg/mL stock of 4-OHT, 4-OHT was added to 200 proof ethanol, vortexed, and placed
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on a horizontal shaker at 37° C for 30 minutes or until the 4-OHT dissolved. The stock
solution was kept covered in foil to minimize light exposure. Next, to prepare a 10 mg/mL
working solution in oil, the 4-OHT/ethanol mixture was combined with Chen Oil (a mixture
of 4 parts sunflower seed oil and 1 part castor oil) and placed into 1.5 mL Eppendorf
tubes. The tubes were vigorously mixed, wrapped in foil, and left on a nutator for 45 min
at room temperature, vortexing and shaking periodically. The tubes were then placed in
a speed-vac for 2-3 hours to evaporate the ethanol. If necessary, the final volume was
adjusted with Chen Oil to 1 mL to reach a final concentration of 10 mg/mL. Both levodopa
and 4-OHT were injected in a quiet, familiar environment, and animals were returned to
their home cages, to minimize additional stimuli. Daily levodopa injections continued for
2-6 weeks to allow expression of Cre-dependent constructs. For in vitro experiments,
picrotoxin (Sigma) was dissolved in warm water to prepare a 5 mM stock solution, which
was subsequently diluted in ACSF for a final concentration of 50 yM.

Optogenetic Manipulations:

Prior to optical stimulation experiments, animals were habituated to tethering with
lightweight patch cables (components: PrecisionFiber Products and ThorLabs) coupled
to an optical commutator (Doric Lenses) in the open field for 30 minutes, over 1-2 days.
Optical stimulation experiments consisted of a two-minute baseline followed by 30
seconds light on/30 seconds light off (repeated 5-10x) and then a two-minute post period.
TTL-controlled blue (488 nm, 1 mW, Shanghai Laser and Optics Century) or green laser
light (593 nm, 5 mW, Shanghai Laser and Optics Century) was delivered continuously for
all striatal experiments and either continuously or in pulse trains (5 msec, 10Hz, controlled

with Master8, A.M.P.l.) for S1 or M1 experiments. Animals were manually scored for
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dyskinetic behavior by raters blinded to the manipulation (eg ChR2 vs eYFP) during the
baseline, light on/off, and post period. Video-tracking software was used to measure
movement. For optical reactivation experiments, animals had not received levodopa for
at least the previous 24 hours. For optical inhibition experiments, levodopa was
administered 20-30 minutes before testing, to capture maximal dyskinesia. At the end of
experimental procedures, animals were returned to their home cages.

In Vivo Electrophysiology:

Two weeks after optrode array implantation, mice were habituated to tethering and
the recording chamber for 1-2 days. After habituation, experimental sessions occurred 3-
5 times per week for 2-6 weeks. During each session, electrical signals (single-unit and
LFP data from each of 32 channels) were collected using a multiplexed 32 channel
headstage (Triangle Biosystems), an electrical commutator equipped with a fluid bore
(Dragonfly), filtered, amplified, and recorded on a MAP system, using RASPUTIN 2.4
HLK3 acquisition software (Plexon). Spike waveforms were filtered at 154-8800 Hz and
digitized at 40 kHz. The experimenter manually set a threshold for storage of electrical
events.

During recording sessions, after a baseline period of 30 minutes, levodopa (5-10
mg/kg) was injected IP. After a period of 2-3 hours of recording spontaneous activity in
the open field, an optogenetic cell identification protocol was applied (Kravitz et al., 2013),
consisting of 100 msec blue light pulses, given at 1 Hz. At each of 4 light powers (0.5, 1,
2, and 4 mW), 1000 light pulses were delivered via a lightweight patch cable (Doric
Lenses) connected to a blue laser (Shanghai Laser and Optics Century), via an optical

commutator (Doric Lenses), and controlled by TTL pulses from a behavioral monitoring
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system (Noldus Ethovision). In a subset of experiments, an additional cell identification
protocol was applied, which consisted of continuous 30 seconds light on/off (repeated 5-
10x) blue light pulses given at each light power (0.5, 1, 2, and 4mW). At the end of all cell
identification protocols, animals were detached from the electrical and optical cables and
returned to their home cages.

Single units were identified offline by manual sorting using Offline Sorter 3.3.5
(Plexon) and principle components analysis (PCA). Clusters were considered to
represent a single unit if (1) the unit's waveforms were statistically different from multiunit
activity and any other single units on the same wire, in 3D PCA space, (2) no interspike
interval <1 msec was observed. Single units were then classified as putative medium
spiny neurons (MSNs) as previously described (Berke et al., 2004; Gage et al., 2010;
Harris et al., 2000) using features of the spike waveform (peak to valley and peak width),
as well as inter-spike interval distribution. Only putative MSNs were included in
subsequent analyses.

After single units had been selected for further study, their firing activity was
analyzed using NeuroExplorer 4.133 (Nex Technologies). To determine if a unit was
optogenetically identified, a peristimulus time histogram was constructed around the
onset of laser pulses. To be considered optogenetically identified, a unit had to fulfill 3
criteria: (1) the unit had to increase firing rate above the 99% confidence interval of the
baseline within 15 msec of laser onset; (2) the unit’s firing was above this threshold for at
least 15 msec; (3) the unit's laser-activated waveforms were not statistically

distinguishable from spontaneous waveforms.
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For display and analysis purposes, the firing rate of single units was averaged in
one-minute bins. For analyses of firing rate before and during levodopa administration,
the average firing rate from 0-30 minutes prior to injection and 35-65 minutes after
injection were calculated. To determine whether a unit’s firing rate significantly changed
after levodopa injection, the firing rates during the baseline period were compared with
the firing rates between 35-65 minutes after levodopa injection, using a Wilcoxon Signed
Rank test.

In Vitro Electrophysiology:

To prepare ex vivo slices for whole-cell recordings, mice were deeply anesthetized
with an IP ketamine-xylazine injection, transcardially perfused with ice-cold glycerol-
based slicing solution, decapitated, and the brain was removed. Glycerol-based slicing
solution contained (in mM): 250 glycerol, 2.5 KCI, 1.2 NaH2PO4, 10 HEPES, 21 NaHCOs,
5 glucose, 2 MgClz, 2 CaClz. The brain was mounted on a submerged chuck, and
sequential 300 um coronal slices were cut on a vibrating microtome (Leica), transferred
to a chamber of warm (34° C) carbogenated ACSF containing (in mM) 125 NaCl, 26
NaHCOs, 2.5 KCI, 1 MgClz, 2 CaClz, 1.25 NaH2PO4, 12.5 glucose for 30-60 minutes, then
stored in carbogenated ACSF at room temperature. Each slice was then submerged in a
chamber superfused with carbogenated ACSF at 31-33°C for recordings.

Striatal or cortical neurons were targeted for recordings using differential
interference contrast (DIC) optics in FOSTRAP;Ai14 or D1-Cre mice on a Olympus BX 51
WIF microscope. In FOSTRAP;Ai14 mice, TRAPed neurons were identified by their td-
Tomato positive somata and D1 positive neurons were identified by eYFP fluorescence

from DIO-eYFP or DIO-eNpHR3.0-eYFP. Neurons were patched in the whole-cell
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configuration using borosilicate glass electrodes (3-5 MQ) filled with potassium
methanesulfonate-based internal solution containing (in mM): 130 KMeSOs, 10 NaCl, 2
MgClz, 0.16 CaClz, 0.5 EGTA, 10 HEPES, 2 MgATP, 0.3 NaGTP, pH 7.3. Picrotoxin was
added to all external solutions.

Whole-cell current-clamp recordings were made using a MultiClamp 700B
amplifier (Molecular Devices) and digitized with an ITC-18 A/D board (HEKA). Data was
acquired using Igor Pro 6.0 software (Wavemetrics) and custom acquisition routines
(mafPC, courtesy of M. A. Xu-Friedman). Current-clamp recordings were filtered at 5 kHz
and digitized at 10 kHz. To validate ChR2 or eNpHR3.0 function in slice, light pulses were
delivered to the slice by a TTL-controlled LED (Olympus), passed through a GFP (473
nm) or TxRed (562 nm) filter (Chroma) and the 40X immersion objective. LED intensity
was adjusted to yield an output of approximately 1-10 mW at the slice. Light pulses were
5-2,000 msec in duration. For optogenetic inhibition experiments, cells were given current
injections (200-800 pA) to produce stable spiking at roughly 10 Hz. After 500 msec, a
500-1000 msec light pulse was delivered to assess the ability of eNpHR3.0 to inhibit
spiking. Holding current and input resistance were continuously monitored as proxies of
recording stability.

Histology, Microscopy, and Cell Counting:

After optogenetic or behavioral experiments, mice were deeply anesthetized with
IP ketamine-xylazine and transcardially perfused with 4% paraformaldehyde in PBS. After
perfusion, the brain was dissected from the skull and post-fixed overnight in 4%
paraformaldehyde, then placed in 30% sucrose at 4°C for cryoprotection. The brain was

then cut into 35 um coronal or sagittal sections on a freezing microtome (Leica) and then
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mounted in Vectashield Mounting Medium onto glass slides for imaging. For
immunohistochemistry, the tissue was blocked with 3% normal donkey serum (NDS) and
permeabilized with 0.1% Triton X-100 for 2 hours at room temperature on a shaker. A
subset of stains used 5% normal donkey serum with 1.0% Triton X-100 (anti-ChAT).
Primary antibodies were added to 3% NDS and incubated overnight at 4° C on a shaker.
Primary antibodies used: Rabbit anti-TH (Pel-Freez, 1:1000), Chicken anti-TH (Sigma,
1:1000), Rabbit anti-c-Fos (Cell Signalizing Technology, 1:1000), Rabbit anti-c-Fos
(Santa Cruz, 1:1000), Goat anti-ChAT (Millipore, 1:500), Rabbit anti-DARPP-32 (Cell
Signaling Technology, 1:1000), Mouse anti-RFP (Rockland Immunochemicals, 1:500),
Rabbit anti-NeuN (Millipore, 1:1000), Rabbit anti-NPY (Cell Signaling Technology,
1:1000), Rabbit anti-PV (Swant, 1:2000), Rabbit anti-Erg-1 (Cell Signaling Technology,
1:500), or Goat anti-AFosB (Santa Cruz Biotechnology, 1:500). Slices were then
incubated in secondary antibodies (donkey anti-rabbit, mouse, goat, or chicken Alexafluor
488, 593, or 647, 1:500, Jacksonimmuno Research) for 2-4 hours at 4°C on a shaker,
washed, and mounted onto slides for imaging. For a subset of animals (WT LID cohort,
Figure S1A-J), development with diaminobenzidine (DAB) was used to visualize c-Fos.
After 2-4 hours of incubation with secondary antibodies, the tissue was washed and then
incubated for 60 minutes in Avidin-Biotin Complex (ABCVector Elite). After washing in
PBS, DAB was prepared and added to each well. The color reaction was monitored under
a dissecting microscope. Slices were then washed and mounted onto slides for imaging.

4 or 10x images were acquired on a Nikon 6D conventional widefield microscope.
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Quantification and Statistical Analysis
Behavior:

Average AIM score per session (Figure 1E and S1C) is an average ALO score per
20 minutes of scoring. Average AIM score per week (Figure 1G and S1D) is an average
ALO score over the entire 120-minute scoring session. Levodopa-induced contralateral
rotations were measured weekly using video tracking (Figure 1F and S1E). Mice were
placed in the open field 20-30 minutes post-levodopa injection and monitored for 10
minutes in the open field.
Optogenetic Experiments:

For each stimulation experiment, we calculated all behavioral measurements (both
AlIMs and rotations) during three periods, termed ‘OFF (1), ‘ON’, and ‘OFF (2)'. The ‘OFF
(1) period was the 25 seconds preceding the laser. The ‘ON’ period was the period
starting 5 seconds after the illumination of the laser and lasting until the end of laser
illumination (25 seconds long). The ‘OFF (2)' period was the period between 5 and 30
seconds after the end of the laser illumination. The two-minute baseline preceding
stimulation (‘pre’), and two-minute baseline after stimulation (‘post’) was not included in
calculations. Rotation data is presented as a rotation ratio (total ipsilateral rotations)/(total
contralateral + total ipsilateral rotations). As dyskinesia intensity varied from animal to
animal, data was also presented with the baseline subtracted (Figure 3G, I, K, middle
panels; Figure 4B, D, middle panels). The Wilcoxon rank-sum test was used to compare
animals expressing eYFP versus an opsin (ChR2 or eNpHR3.0). To compare ‘OFF’ (1)
and ‘ON’ periods within an animal, the Wilcoxon sign-rank test was employed. If

postmortem studies showed evidence of inadequate dopamine depletion, viral
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expression, or no TRAPed cells (based on user error), its results were excluded from
further analysis (N=3 animals excluded from the entire study, 2 based on inadequate viral
expression (1 ChR2 and 1 eYFP) and 1 based on improper injection of 4-OHT).

In Vivo Electrophysiology:

For display and analysis purposes, the firing rate of single units was averaged in
one-minute bins. For analyses of firing rate before and during levodopa administration,
the average firing rate from 0-30 minutes prior to injection and 35-65 minutes after
injection were calculated. To determine whether a unit’s firing rate significantly changed
after levodopa injection, the firing rates during the baseline period were compared with
the firing rates between 35-65 minutes after levodopa injection, using a Wilcoxon Signed
Rank test.

Histology, Microscopy, and Cell Counting:

To quantify colocalization between TRAPed cells or c-Fos positive nuclei or for
high magnification images, confocal imaging was implemented using a Nikon Spinning
Disk confocal microscope with a 40x objective. Exposure times were matched between
images of the same type.

To quantify the number of TRAPed cells in the striatum, S1, or M1 (Figure S1L) or
c-Fos positive nuclei in the striatum (Figure S1J), individual images were stitched together
to produce an entire coronal or sagittal image. We consulted the Allen Brain Atlas
(http://www.brain-map.org/) and the Mouse Brain in Stereotaxic Coordinates (hard copy,
4t edition, by George Paxinos) for anatomy and chose 5-7 representative coronal or
sagittal sections (at specified coordinates from bregma) for each brain region. To quantify

the number of striatal c-Fos positive nuclei we used the coronal coordinates (+1) - (-1) for
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guantification. To quantify the number or density of TRAPed cells in the striatum, S1, or
M1 we used the following sagittal coordinates for quantification, striatum: 1.725-3.60 ML,
S1: 1.08-3.72 ML, and M1: 1.0-3.1 ML. We used FlJl/ImageJ software to count cells,
using both auto-threshold detection and manual counting. Slices were discarded if there
was tissue damage to the designated area. One-way ANOVA was used to assess any
differences in cell numbers for c-Fos positive nuclei in the striatum (Figure S1J) or
TRAPed cell or cell density in the striatum, S1, and M1 (Figure 11 and S1L). For all
cohorts, the post-hoc Tukey HSD test was used if the analysis of variance yielded a
significant F-ratio. For the WT LID cohort (Figure S1J), we saw no statistical difference in
cell numbers between the control groups (saline/saline, saline/levodopa, and 6-
OHDA/saline), and pooled the data together to compare to the 6-OHDA/levodopa treated
group. To determine correlations between behavior and TRAPed neurons (Figure 3B and
S3B), the average number or density of TRAPed cells was calculated by averaging cell
counts or density over the defined coordinates for each brain area. The AIM score was
calculated by summing all AIM scores over the entire 120 minute scoring session closest
to the day of 4-OHT administration.

For immunohistochemical experiments to investigate colocalization between
TRAPed cells and markers of striatal cell types (Figure 2 and S2), 5-7 representative
coronal or sagittal slices per animal were chosen, focusing next on 5-7 specific fields of
view (1x1 screen size) in the DLS. Confocal z-stacks in each field of view were acquired,
matching exposure time and laser power for each fluorophore in all images captured. To
assess colocalization between TRAPed cells and different neuronal markers, maximum

z-projections were made and merged to produce an overlay with TRAPed cells and the
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corresponding cellular marker. For each animal, a minimum of 100 cells of each type
(TRAP-tdTomato, cellular marker, or c-Fos) were manually counted using custom scripts
in FlJlI/imaged. For a cell to be counted as colocalized, it needed to appear on both
individual and merged channels in the z-stack and maximum z-projection showing
identical overlap with the other cell. Any cell showing ambiguous overlap was not counted
as colocalized. The same procedure was used to assess colocalization of c-Fos and
Drdla-tdTomato (Figure S2F-G) and c-Fos and D2-GFP (Figure S2F,H).

To determine the average number of FOSTRAP-eNpHR3.0 vs. D1-eNpHR3.0 per
field, confocal images were acquired from at least 2 sagittal or coronal sections where the
optical ferrule could be seen. We focused on 5-7 specific fields of view near the ferrule
mark and acquired images over a strict depth of 20 um for each animal. Cells were
manually counted, using the outline of the cell body and cell processes as a guide, in
FIJI/imageJ using both the maximum z-projection and individual images within the stack.
At least two blinded experimenters validated the presence or absence of an eNpHR3.0

positive cell.
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Figure 1. FosTRAP captures levodopa-induced dyskinesia (LID)-associated striatal cells.
FosTRAP mice were separated into 4 groups based on intracerebral injections (saline or 6-OHDA)
and chronic drug treatment (saline or levodopa). A. Sagittal schematic showing 6-OHDA or saline
injections. B. Experimental timeline. C. Sagittal sections from mice injected with saline (top) or 6-
OHDA (bottom) stained with anti-tyrosine hydroxylase (TH). D. Still images showing levodopa-
induced dyskinesia in a parkinsonian FOSTRAP mouse. E. Average abnormal involuntary
movement (AIM) score measured after levodopa or saline injection in all groups. F. Contralateral
rotations over 3 weeks of treatment. G. Average composite AIM score over 3 weeks of treatment
(note: all four groups are displayed, but three groups showed no AIMS). H. Representative sagittal
sections from the four experimental groups. Increased striatal expression of TRAP-tdTomato was
only observed in 6-OHDA/levodopa treated animals. I. Density of TRAPed cells measured in the
striatum, S1, and M1. J-L. FosTRAP mice were administered levodopa 2 hours prior to perfusion.
TRAPed cells reflect those activated during a levodopa session approximately 2 weeks prior,
while c-Fos positive neurons reflect cells activated during the terminal levodopa session. J. Left,
Sagittal section showing TRAP-tdTomato and immunostained for c-Fos. Inset: Confocal images
showing colocalization (arrowhead) of TRAP-tdTomato (left), c-Fos (middle), and merged image
(right). K. Total number of TRAP-tdTomato, c-Fos, and colocalized cells. L. Percent colocalization
of c-Fos with TRAP-tdTomato (left) and TRAP with c-Fos (right). C,H, and J (left): scale bar equals
1 mm. J (inset): scale bar equals 20 um. Data is displayed as average + SEM. See also Figure
S1.
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Figure 2. TRAPed cells are
primarily direct pathway medium
spiny neurons. A-F. Representative
40X confocal images from the
striatum of FOSTRAP mice treated

with 6-OHDA and levodopa,

immunostained for different cellular
markers. Left columns show TRAP-
tdTomato, middle columns show
antibody staining for NeuN (A),
Choline Acetyltransferase (ChAT, B),
Neuropeptide Y (NPY, 0),
Parvalbumin (PV, D), DARPP-32 (E),
D2-GFP (F), and right columns show
merged images. White arrowheads
denote colocalization, while white
arrows show non-colocalized cells. G.
Percent of TRAPed striatal cells
positive for each cellular marker. A-F
scale bar equals 20 ym. Data is
displayed as average + SEM. See
also Figure S2.
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Figure 3. Optogenetic reactivation of TRAPed striatal neurons, but not TRAPed S1 or M1
cortical neurons, causes dyskinesia in the absence of levodopa. A. FOSTRAP mice were
injected intrastriatally with 6-OHDA. B. Correlation between the density of TRAPed cells and total
AIM score. C. Coronal schematic of optrode recording configuration (left) and representative
postmortem section from a dopamine-depleted FosTRAP mouse injected with DIO-ChR2-eYFP
(right). D. Representative optogenetically-identified unit, showing short-latency spiking to blue
light pulses. Top: rasterized firing during 3,000 trials. Bottom: peristimulus time histogram. E. Top:
Average AIM score from sessions in which a TRAPed neuron was identified. Levodopa was
administered at time zero (dotted line). Bottom: Average firing rate of optogenetically identified
TRAPed MSNs in response to levodopa. F-K. FOSTRAP mice were injected with intrastriatal 6-
OHDA and DIO-ChR2-eYFP or DIO-eYFP in either the striatum (Str, F), primary somatosensory
cortex (S1, H), or primary motor cortex (M1, J), after which behavioral testing commenced in the
absence of levodopa (G,I,K). F,H,J. Sagittal schematics showing sites of injection and light
activation. Insets, postmortem histology showing TRAP-tdTomato (i), ChR2-eYFP (ii), and merge
(iii) in the striatum, S1, and M1. G, |, K. Top: optical activation protocol (1mW) in Str, S1, and M1.
Average (left) and change in (middle) AIM scores before, during, and after blue light in FOSTRAP-
ChR2 or eYFP mice. Right: rotational bias. F,H,J scale bar equals 20 ym. Data is displayed as
average + SEM. See also Figure S3.
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Figure 4. Optogenetic inhibition of TRAPed striatal neurons, but not all direct pathway
neurons, ameliorates levodopa-induced dyskinesia. FOSTRAP (A-B) or D1-Cre mice (C-D)
were injected with intrastriatal 6-OHDA and DIO-eNpHR3.0-eYFP or DIO-eYFP. Behavioral
testing was performed after the injection of levodopa. A,C. Sagittal schematics showing sites of
injection and light stimulation in FosTRAP (A) and D1-Cre (C) mice. A. Inset: postmortem
histology showing TRAP-tdTomato (i), eYFP (ii), and merge (iii). B,D. Top: optogenetic inhibition
protocol (5 mW). Average (left) and change in (middle) AIM scores before, during, and after striatal
green light in eNpHR3.0 or eYFP mice. Right: rotational bias. C. Inset: postmortem histology
showing eNpHR3.0-eYFP positive striatal neurons. Right, rotational bias. A,C scale bar equals
20 um. Data is displayed as average + SEM. See also Figure S4.
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Supplemental Figure 1. Related to Figure 1. Levodopa-induced dyskinesia is associated
with c-Fos expression. A-J. Wild-type mice were separated into four experimental groups based
on a combination of intracerebral injection (saline or 6-OHDA) and subsequent chronic drug
treatment (saline or levodopa). A. Experimental timeline. B. Coronal schematic showing sites of
6-OHDA or saline injection in the dorsolateral striatum. C. Average abnormal involuntary
movement (AIM) score measured after intraperitoneal (IP) injection of levodopa or saline in 6-
OHDA-treated or control groups. D. Average composite AIM score over 3 weeks of treatment. E.
Contralateral rotations after IP injection of levodopa or saline over 3 weeks of treatment. F-I.
Representative coronal histological images of striatal tissue stained with anti-c-Fos (left panels)
and anti-TH (right panels) in mice from each of the four experimental groups. I. Inset: 20x image
showing c-Fos positive nuclei in the dorsolateral striatum. J. Average number of c-Fos-positive
nuclei per striatal section in all four experimental groups. K-L. FOSTRAP mice were separated into
four experimental groups, same as above. K. Representative sagittal section showing TRAPed
cells in the striatum (Str), primary somatosensory cortex (S1), and primary motor cortex (M1) in a
6-OHDA/levodopa treated mouse. i, ii, iii, 40x confocal images of TRAP-tdTomato cells in the
striatum, S1, and M1, respectively. L. Average number of TRAP-tdTomato positive cells per
section in the striatum, S1, and M1 of animals from each group. M-P. FOSTRAP mice were
administered levodopa 2 hours prior to perfusion. TRAPed cells reflect those activated during a
levodopa session approximately 2 weeks prior, while AFosB or Erg-1 positive neurons reflect cells
activated during the terminal levodopa session. M. Confocal images showing colocalization of
TRAP-tdtomato (left), AFosB (middle), and merged image (right). N. Percent colocalization of
AFosB with TRAP-tdTomato (left) and TRAP with AFosB (right). O. Confocal images showing
colocalization of TRAP-tdtomato (left), Erg-1 (middle), and merged image (right). P. Percent
colocalization of Erg-1 with TRAP-tdTomato (left) and TRAP with Erg-1 (right). Q. Schematic
representing the striatal neurons reproducibly activated during each levodopa administration. F-
I, K (left) scale bar equals 1 mm. K (right), M, O, scale bar equals 20 ym. Arrowhead shows
colocalization. Data is displayed as average = SEM.
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Supplemental Figure 2. Related to Figure 2. c-Fos activated neurons are primarily direct
pathway cells. A-B. Drdla-tdTomato mice were rendered parkinsonian with intrastriatal 6-OHDA,
then treated with daily levodopa. After the last levodopa injection, mice were time-perfused for
assessment of c-Fos expression. A. Experimental timeline. B. Sagittal schematic showing 6-
OHDA injection sites. C. Average AIM scores after IP injection of levodopa. D. Average composite
AIM score over 3 weeks of levodopa treatment. E. Contralateral rotations over 3 weeks of
treatment. F. Percent of c-Fos positive cells that colocalize with Drdla-tdTomato or D2-GFP. G.
Representative 40X images from the striatum of a Drdla-tdTomato mouse immunostained for c-
Fos. Left: c-Fos, middle: Drd1-tdTomato, right: merged. H. Representative 40X images from the
striatum of a D2-GFP mouse immunostained for c-Fos. Left: c-Fos, middle: D2-GFP, right:
merged. White arrowheads denote colocalization. G-H, scale bar equals 20 um. Data is displayed
as average + SEM.
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Supplemental Figure 3. Related to Figure 3. Optogenetic reactivation of TRAPed striatal
neurons, but not TRAPed S1 or M1 cortical neurons, causes dyskinesia in the absence of
levodopa. A. FOsTRAP mice were injected with 6-OHDA in the striatum. B. Correlation between
the average number of TRAPed cells per section vs total AIM score. C. Left: Coronal schematic
of optrode recording configuration. Right: Average peak firing rate (in one second bins) achieved
by optogenetically labeled TRAPed striatal neurons during 30 second blue light pulses at various
light intensities. D, H, L. Schematic diagrams showing sites of AAV and 6-OHDA injection in the
DLS, S1, and M1 of FosTRAP mice. E, I, M. Representative coronal sections showing
colocalization of TRAP-tdTomato (left), ChR2-eYFP (middle), and merged (right) in DLS, S1, and
M1. In E, note optical fiber track in DLS. F, J, N. Schematic of whole-cell recording configuration
for slice validation of ChR2 (top). Light-evoked spiking of a TRAPed neuron in the striatum (F),
S1 (J), or M1 (M) during illumination with 473 nm light (bottom). G. Average AIM scores during
light on and off epochs for striatal reactivation experiments. K. Average AIM scores during
continuous light on/off epochs and 10Hz light on/off epochs for S1 reactivation experiments. O.
Average AIM scores during continuous light on/off epochs and 10Hz light on/off epochs for M1
reactivation experiments. E, I, M scale bar equals 1 mm. Data is displayed as average + SEM.
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Supplemental Figure 4. Related to Figure 4. Optogenetic inhibition of TRAPed striatal
neurons, but not a random subset of direct pathway striatal neurons, ameliorates
dyskinesia. FOSTRAP (A-D) or Drd1-Cre mice (E-H) were treated with intrastriatal 6-OHDA and
daily levodopa. The striatum was injected with DIO-eYFP or DIO-eNpHR3.0. A, E. Schematic
diagram showing sites of AAV and 6-OHDA injection in the DLS of FOsSTRAP and D1-Cre mice,
respectively. B. Representative coronal section showing colocalization of TRAP-tdTomato (left),
eNpHR3.0-eYFP (middle), and merged (right) in the striatum. Optical fiber track can be seen in
the area of eYFP signal. C, G. Schematic of whole-cell recording configurations for slice validation
of eNpHR3.0 (left). Optical inhibition of a striatal neuron with 562 nm light (5mW, right) during a
400 pA current injection to evoke spiking. D, H. Average AIM scores during light on and off epochs
for striatal inhibition experiments. F. Representative coronal section showing expression of
eNpHR3.0-eYFP in D1-Cre mouse. I. Average number of eNpHR3.0-positive cells per field
(adjacent to optical fiber track) in FOSTRAP-eNpHR3.0 and D1-eNpHR3.0 animals. J. TRAPed
cells are proposed as a specific subset of striatal neurons, composed primarily of dMSNs, that
are necessary for the development of levodopa-induced dyskinesia. B, F, scale bar equals 1 mm.
Data is displayed as average + SEM.
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CHAPTER 4
Altered synaptic connectivity onto a distinct subset of striatal neurons

in levodopa-induced dyskinesia
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4.1 Abstract

Action selection requires coordinated function of the striatal direct and indirect
pathways. In Parkinson’s disease, loss of dopaminergic inputs alters this balance, leading
to motor deficits. While dopamine replacement therapy with levodopa alleviates
parkinsonian symptoms, treatment is limited by the development of drug-induced
abnormal involuntary movements, termed levodopa-induced dyskinesia. Recently, a
unique subpopulation of predominantly direct pathway striatal neurons, captured using
an activity-dependent mouse line (FOSTRAP), was found to causally produce dyskinesia.
Here we find that during levodopa treatment, the firing of these FOSTRAP neurons is
elevated, compared to other direct pathway neurons, and correlated with dyskinesia
severity on a fine timescale. We used optogenetically identified single-unit recordings,
retrograde synaptic tracing, and slice electrophysiology to identify the unique cellular and
circuit properties of this novel subpopulation from striatal direct pathway neurons. Using
these techniques, we found FOSTRAP neurons receive increased excitatory input, with
little alteration in the anatomical distribution of synaptic input, compared to direct pathway
neurons. This increase appears to be mediated by changes in presynaptic function.
These results highlight the need for cell-type specific strategies for treating LID, and point

the way to new therapeutic targets.
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4.2 Introduction

Goal-directed actions require the coordinated and precise output of many brain
circuits, including those within the basal ganglia. The input nucleus of the basal ganglia,
the striatum, plays a key role in this process by controlling action selection, habit
formation, and movement (Graybiel, 2008; Redgrave et al., 2010). This control is
mediated largely by two populations of intermixed striatal GABAergic output neurons,
termed medium spiny neurons (MSNSs), that bidirectionally modulate basal ganglia output
and downstream motor nuclei. Direct pathway medium spiny neurons (dMSNSs) express
D1-like dopamine receptors (Gerfen et al., 1990) and project directly to and inhibit basal
ganglia output, the internal segment of the globus pallidus and substantia nigra pars
reticulata. Indirect pathway medium spiny neurons (iMSNs), conversely, express D2-like
dopamine receptors (Gerfen et al., 1990) and project via multiple nuclei to influence basal
ganglia output. It is hypothesized that the coordinated output of these two pathways is
required for contextually appropriate behavior, habits, and movements to arise (Redgrave
et al., 2010).

Dopamine is believed to regulate direct and indirect pathway neurons in an
opposing fashion. According to the classical model of basal ganglia function, dopamine
excites dMSNs and inhibits IMSNSs, leading to action selection and movement (Albin et
al.,, 1989; DelLong, 1990). In Parkinson’s disease, however, the degeneration of
nigrostriatal dopamine neurons is thought to disrupt this balance, leading to motor
dysfunction. Dopamine replacement therapy with the dopamine precursor levodopa
improves many aspects of motor performance. The efficacy of long-term levodopa

therapy can be limited, however, by the development of abnormal drug-induced

150



involuntary movements, termed levodopa-induced dyskinesia (LID). While the cellular
underpinnings of LID are unknown, biochemical (Jenner, 2008) and electrophysiological
studies (Papa et al., 1999; Ryan et al., 2018) suggest the striatal direct pathway is a key
driver. Indeed, optogenetic and chemogenetic studies have shown that direct pathway
stimulation in the sensorimotor (dorsolateral) striatum can evoke dyskinesia (Alcacer et
al., 2017; Perez et al., 2017; Ryan et al., 2018). However, increasing evidence suggests
striatal direct pathway neurons are not a homogenous population. Several studies in both
healthy and disease models have found heterogeneity at the level of gene expression
(Gokce et al., 2016; Heiman et al., 2014), neural activity in awake behaving animals
(Liang et al., 2008; Ryan et al., 2018; Singh et al., 2015) and causal relationship to
dyskinesia (Girasole et al., 2018). This heterogeneity was highlighted in a recent study in
parkinsonian mice, using in vivo single-unit electrophysiology, which identified a
subpopulation of striatal dAMSNs (approximately 20% of all striatal units) with high
levodopa-evoked firing rates which correlated with dyskinesia severity (Ryan et al., 2018).
In addition, heterogeneity has been seen within other basal ganglia nuclei, including the
external segment of the globus pallidus (Hernandez et al., 2015; Mastro et al., 2014) and
parafaciscular thalamus (Mandelbaum et al., 2019). In a condition like LID, such
heterogeneity might contribute to the therapeutic versus pathological effects of levodopa,
and understanding this heterogeneity might ultimately lead to improved treatments.

With this issue in mind, we recently identified a subpopulation of sensorimotor
striatal neurons, predominantly from the direct pathway, whose activity is both necessary
and sufficient in producing LID (Girasole et al., 2018). We converged upon this population

using Targeted Recombination in Active Populations (TRAP), an activity-dependent
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mouse line that captures neurons activated during a defined time period (Guenthner et
al., 2013), and determined that this LID-associated population represents approximately
20% of all striatal cells. Further, this subpopulation is stably activated across multiple
episodes of dyskinesia (Girasole et al., 2018). It is unclear, however, if this subpopulation
of “TRAPed” neurons exhibit the exceptionally high levodopa-evoked firing rates and
correlation to dyskinesia previously described (Ryan et al., 2018). In addition, determining
precisely how the synaptic connections onto TRAPed neurons differ, both anatomically
and functionally, from their dMSN neighbors might inform our understanding of how LID
develops, with the hopes of designing better therapeutics. We hypothesized that TRAPed
neurons might differentially express some of the forms of plasticity previously described
in the striatum of parkinsonian animals, such as reorganization and/or strengthening of
excitatory or inhibitory synaptic inputs (Bagetta et al., 2012; Picconi et al., 2003; Shen et
al., 2015; Taverna et al., 2008) changes in intrinsic excitability (Fieblinger et al., 2014), or
sensitivity to dopamine itself (Jenner, 2008). Here, using TRAP in conjunction with
optogenetically labeled single-unit recordings, monosynaptic rabies tracing, and slice
electrophysiology, we sought to identify the unique features of TRAPed neurons. We
found that optogenetically labeled TRAPed neurons show high levodopa-evoked firing
rates, which in turn correlated with dyskinesia severity. We also found that excitatory
transmission is preferentially increased onto TRAPed neurons. These findings confirm
physiological and functional heterogeneity within the striatal direct pathway in the context

levodopa-induced dyskinesia, and identify a potential cellular mechanism.
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4.3 Results
TRAPed neurons exhibit high firing rates correlated to dyskinetic behavior.
Converging evidence suggests that striatal direct pathway neurons are a
heterogeneous population of neurons. While it has previously been demonstrated that a
subpopulation of direct pathway striatal neurons contributes causally to dyskinesia
(Girasole et al., 2018), it is unclear whether the firing of these neurons shows distinct
correlations to levodopa-evoked behaviors, as have been found within direct pathway
neurons previously (Ryan et al., 2018). To investigate this question, we turned to
optogenetically labeled single-unit recordings in freely moving parkinsonian and levodopa
treated mice (Fig 1). Using methods similar to those in Girasole et al.,, FOSTRAP
(FosCreER* R26AI14+) animals were rendered parkinsonian by injection of the neurotoxin
6-hydroxydopamine (6-OHDA) in the left medial forebrain bundle (Figure 1A). This
caused near-complete depletion of ipsilateral dopaminergic projections, resulting in
reduced movement velocity and predominantly ipsilateral rotations in parkinsonian mice
(data not shown). Cre-dependent Channelrhodopsin (AAV-DIO-ChR2-eYFP) was also
injected in the dorsolateral striatum (DLS). Three weeks later, parkinsonian FOSTRAP
mice began daily levodopa injections. Mice developed both contralateral rotations and
abnormal involuntary movements (AIMs). After one week of levodopa treatment, we used
FosTRAP to capture neurons activated during LID by administering the short-acting
tamoxifen metabolite 4-hydroxytamoxifen (4-OHT) together with levodopa. As
demonstrated previously, pairing 4-OHT with a behavioral state that activates c-Fos, such
as dyskinesia, drives Cre-dependent recombination and expression of tdTomato and/or

ChR2-eYFP in TRAPed neurons (Girasole et al., 2018; Guenthner et al., 2013) (Figure
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1C). TRAP-TdTomato positive neurons were seen brain-wide, but were most numerous
in the striatum. The DLS was subsequently implanted with a 32-channel optrode array for
single-unit recordings (Figure 1B-C). Striatal activity was recorded during each session
before and after levodopa administration. At the end of each recording session, a series
of blue light pulses was delivered to determine whether the recorded cell expressed ChR2
(Cohen et al., 2012; Kravitz et al., 2013; Lima et al.,, 2009). Units with short-latency
responses to blue light pulses were classified as optogenetically identified TRAPed
neurons (see Methods; Figure 1D). We went on to characterize units as putative dMSNSs,
iIMSNs or interneurons, based on their waveforms and response to levodopa
administration (Figure 1E) (Ryan et al., 2018). Seven of nine (78%) optogenetically
labeled TRAPed neurons were MSNs, based on waveform; 94% of all recorded units
were MSNSs. As predicted based on postmortem histological analysis in Girasole et al.,
2018, optogenetically labeled TRAPed MSNs were enriched for putative direct pathway
neurons (6/7, or 86%), compared to the total proportion of putative dMSNs (113/247, or
46%; Figure 1E). These results confirm that while striatal neurons show variable
responses to levodopa across the whole population, physiological measures suggest
TRAP captures mostly direct pathway neurons.

Within the striatal direct pathway, it is known that individual neurons show variable
responses to levodopa, as evidenced by changes in pattern and firing rate (Liang et al.,
2008; Singh et al., 2015) as well as correlations to motor behavior (Ryan et al., 2018). To
test whether TRAPed direct pathway neurons are aberrantly activated by levodopa, we
performed two additional analyses. First, we compared the firing rates of TRAPed dMSNs

to those of putative dMSNSs, in both the parkinsonian state and following levodopa, using
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the firing of optogenetically identified striatal dMSNs in healthy controls as a control
(Figure 1F). While both optically labeled TRAPed dMSNs and unlabeled dMSNs showed
significantly lower firing rates in the parkinsonian state, as compared to dMSNs in healthy
control mice, labeled TRAPed dMSNs achieved higher levodopa-evoked firing rates than
unlabeled dMSNs (Figure 1F). In fact, TRAPed dMSNs reached rates of approximately
double that of neighboring dMSNs. Second, given that TRAPed dMSNs achieved higher
levodopa-evoked firing rates than other dMSNs, which was previously reported in a
subset of dAMSNs whose firing correlated with dyskinesia severity (Ryan et al., 2018), we
next tested whether the firing rates of TRAPed neurons correlated on a moment to
moment basis with motor behavior. We measured locomotor behavior with video tracking
and scored dyskinesia before and after an intraperitoneal injection (IP) of levodopa. As
expected, dyskinesia developed within about 5 minutes after injection, and reached a
peak around 30-60 minutes, eventually returning to baseline levels after 90 minutes
(Figure 1G). Across all striatal units, we observed a small subset of dAMSNs whose firing
correlated with dyskinesia severity on a fine timescale (31/113, or 27%; Figure J) and
units that did not correlate with dyskinesia (Figure 11). However, we observed an
enrichment of dyskinesia-correlated cells in labeled TRAPed dMSNs (3/6, or 50%; Figure
1H, J). Taken together, these results suggest that optogenetically labeled TRAPed
dMSNs achieve higher levodopa-evoked firing rates and more often correlated to
dyskinesia than putative dMSNs, consistent with the hypothesis that they play a causal

role in dyskinetic movements.
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Retrograde tracing reveals similar distribution of synaptic input onto striatal
TRAPed neurons and direct pathway neurons

While optogenetically labeled TRAPed neurons showed aberrant responses to
levodopa in vivo, it is unclear what drives these responses. Indeed, LID is associated with
changes in both excitatory and inhibitory inputs (Bagetta et al., 2012; Borgkvist et al.,
2015; Picconi et al., 2003; Shen et al., 2015), intrinsic excitability (Fieblinger et al., 2014),
sensitivity to neuromodulators (Heiman et al., 2014), and intracellular signaling (Jenner,
2008). As many prior studies were performed in unidentified neurons, and none in
TRAPed neurons, we sought to test whether differential expression of these changes in
TRAPed, compared to unTRAPed, dMSNs could explain their distinct firing in vivo. One
potential explanation for the aberrant firing and correlation to dyskinesia of TRAPed
dMSNs would be differences in the pattern of inputs onto TRAPed neurons. We examined
this possibility using a retrograde tracing strategy. While several studies have used
retrograde tracing to map inputs onto direct and indirect pathway neurons in healthy
animals (Guo et al., 2015; Wall et al., 2013), it is unclear how the distribution of inputs
changes in the face of chronic dopamine depletion or dopamine replacement therapy with
levodopa. Using monosynaptic Cre-dependent rabies tracing in the DLS of FOSTRAP,
D1-Cre, and A2a-Cre mice, we assessed changes in the anatomical distribution of
synaptic inputs onto TRAPed neurons, dMSNs and iIMSNSs, respectively (Figure 2).
We first compared the distribution of inputs onto dMSNs and iIMSNs between healthy
(Control) and disease (LID) states. A Cre-depedent helper virus (AAV-DIO-sTpEpB-GFP)
was first injected into the DLS to express the EnvA receptor, TVA, and rabies glycoprotein

necessary for rabies infection and replication, in a cell-type specific manner. Following
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viral expression of helper proteins, a modified rabies virus (EnvA-G-deleted-rabies-
mCherry) was injected into the DLS, using the same coordinates. Using this approach,
functional rabies virus travels one synapse retrogradely from a Cre-expressing starter
population of striatal neurons (Figure 2A). Ten days later, animals were sacrificed to
assess expression of the helper virus (green) and presynaptic partners (red) (Figure 2A-
B). Brains were then imaged, mapped onto the Allen Brain Atlas to identify specific brain
regions, and then analyzed using a Gaussian cell-detection algorithm (Eastwood et al.,
2018). To minimize the contribution of extra striatal start cells, the total proportion of brain-
wide starter cells outside of the striatum could not exceed 15% (Figure 2C). This approach
allowed us to compare monosynaptic inputs to TRAPed, direct, and indirect striatal
neurons in healthy and levodopa-treated parkinsonian mice.

To look at the effects of chronic parkinsonism and its treatment, we first compared
the distribution of monosynaptic inputs onto D1- and A2a-expressing DLS neurons in
healthy and dopamine depleted and levodopa-treated mice. We found that dMSNs and
IMSNss received a similar distribution of inputs in healthy animals (Figure 3; D1-Cre: N=
4, A2a-Cre: N = 3), with the greatest source of excitatory inputs coming from cortical
areas, as has been observed in multiple previous studies (Guo et al., 2015; Wall et al.,
2013). Following dopamine depletion and levodopa treatment, however, there were
extensive changes in monosynaptic inputs onto direct and indirect pathway neurons
(Figure 4; D1-Cre/LID: N=4, A2a-Cre/LID: N=4). To date, few if any studies have
systematically examined changes in the synaptic inputs to direct and indirect pathway
neurons in levodopa-treated parkinsonian animals (Fieblinger et al., 2014), but prior

studies in parkinsonian (untreated) animals have shown an overall decrease in striatal

157



dendritic spines (Azdad et al., 2009; Day et al., 2006; Ingham et al., 1989; Smith and
Villalba, 2008; Villalba et al., 2009; Zaja-Milatovic et al., 2005) suggesting there might be
a decrease in corticostriatal input overall. We thus predicted that not only would
parkinsonism and its treatment alter the distribution of synaptic inputs, but that this would
differ between the direct and indirect pathway. Indeed, we found fewer retrogradely
labeled cortical and thalamic cells in D1-Cre animals, while we found an increase in such
cells in A2a-Cre animals. Interestingly, we found changes in the opposite direction in the
striatum, where intrastriatal, likely inhibitory, connections onto direct pathway neurons
were markedly increased in parkinsonian/levodopa-treated animals, and decreased onto
indirect pathway neurons (Figure 3). As we know that striatal direct and indirect pathway
neurons show an increase in and suppression of activity, respectively, during levodopa
treatment (Ryan et al., 2018), most of these results may be consistent with homeostatic
changes within the circuit in an effort to re-balance direct and indirect pathway activity.
We next returned to our primary question: whether differences in the anatomical
distribution of inputs onto TRAPed striatal neurons, versus those of direct pathway
neurons more generally, might explain the differential activity of these neurons in vivo,
and their role in LID. We compared monosynaptic inputs onto direct, indirect, and
TRAPed neurons in parkinsonian/levodopa-treated mice. In particular, given their
enhanced response to levodopa in vivo, we wondered if we would find an increase in
particular excitatory inputs in TRAPed neurons, at an anatomical level. Based on a small
initial group of animals (N = 4 FosTRAP), however, it appears that TRAPed neurons and
dMSNSs receive similar distribution of inputs across both cortical and subcortical regions

(Figure 4). One exception is the number of labeled presynaptic neurons in the external
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segment of the globus pallidus (GPe), which were slightly more numerous in Fos-TRAP
than in D1-Cre or A2a-Cre mice (Figure 5A-F). Immunohistochemical characterization of
these cells showed that they are parvalbumin (PV) negative and Npasl positive (Figure
5), consistent with previous research suggesting Npasl positive neurons project to DLS
(Hernandez et al., 2015). As this is an inhibitory projection, it seemed unlikely that these
inputs could drive aberrant activity in TRAPed neurons in vivo; further functional
investigation will be needed. Additionally, to rule out any bias generated by labeling a
large number of intrastriatal inputs, we investigated whether there was a change within
cortical inputs in all experimental conditions by looking at the percentage of
presynaptically labeled cells for a given cortical area as a fraction of all labeled cortical
inputs (Figure 6). Consistent with our previous findings, there was no change in the
pattern of cortical projections onto TRAPed cells compared to dMSNs or iMSNs. Though
there are caveats and biases to retrograde tracing using the rabies approach, based on
these results, it appears that TRAPed neurons do not have a substantially different
anatomical distribution of inputs compared to dMSNs in dopamine depleted and

levodopa-treated animals.

Excitatory transmission is preferentially increased onto TRAPed neurons in
dopamine depleted and levodopa treated mice

Another explanation for the aberrant activity seen in TRAPed neurons in vivo is
functional changes in synaptic inputs onto TRAPed neurons compared to their neighbors,
as the lack of differential input assessed with the retrograde tracing approach does not

preclude changes in functional connectivity. As MSNs depend on excitatory input for
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much of their activity in vivo, an increase in excitatory connectivity onto TRAPed neurons
might explain their high levodopa-evoked activity and/or the fact that this firing correlates
with dyskinesia severity. To assess whether synaptic inputs onto TRAPed dMSNs differed
from their un TRAPed dMSN and iMSN neighbors, we crossed our FOSTRAP;AI14 mouse
to a D2-GFP indirect pathway reporter line. In slices from these animals, we were able to
record from TRAPed dMSNs, unTRAPed dMSNs, and unTRAPed iIMSNs in a single
preparation (Figure 7A-B). We performed whole-cell voltage clamp experiments in
FosTRAP;AI14;D2-GFP mice rendered parkinsonian and treated chronically with
levodopa, as described previously. To increase our confidence in the recorded cell type,
we included biocytin in the pipette for post hoc confirmation of the presence of TdTomato
(TRAP), D2-GFP, or no fluorescent marker (Figure 7B). To broadly assess for changes
in the number, strength, or release probability of excitatory inputs, we first measured
miniature excitatory postsynaptic currents (MEPSC; in TTX and picrotoxin), recording
from TRAPed dMSNs, unTRAPed dMSNs, and unTRAPed iMSNs in sequential
recordings from the same region of DLS (Figure 7C). To our surprise, there was an
increased frequency of MEPSCs onto TRAPed neurons compared to other MSNs (Figure
7D, n=20, 20, 22 cells; N= 8, 6, 8 animals for TRAPed dMSNs, unTRAPed dMSNs, and
unTRAPed IMSNSs, respectively, p < 0.01). The amplitude of mMEPSCs onto TRAPed
dMSNSs, however, was not significantly higher than in unTRAPed dMSNs. We saw higher
amplitude mEPSCs in direct pathway neurons (both TRAP and unTRAPed dMSNSs)
compared to unTRAPed iIMSNs (Figure 7E, n=20, 20, 22 cells; N= 8, 6, 8 animals for
TRAPed dMSNs, unTRAPed dMSNs, and unTRAPed iIMSNSs, respectively, p < 0.05).

These results suggest that excitatory inputs onto TRAPed dMSNs are altered compared
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to unTRAPed dMSNs in parkinsonian/levodopa-treated animals, likely mediated by
changes in presynaptic function, such as an increased probability of release.

To further investigate changes in presynaptic function on TRAPed dMSNs, we
recorded evoked EPSCs, using a similar approach. We electrically evoked EPSCs by
placing a glass stimulating electrode 100-200 um away from the recorded neuron, and
delivering a series of current pulses. We stimulated with two pulses at varying
interstimulus intervals (ISls; 25, 50, 75, 100, 250, and 500 ms) in order to assess the
paired-pulse ratio (PPR), a measure that can reflect presynaptic parameters such as
probability of release. Consistent with our mEPSC recordings, we saw a marked decrease
in the PPR in TRAPed dMSNs compared to other MSNs (Figure 7F, n=11, 7, 5 cells; N=
4, 3, 3 animals for TRAPed dMSNs, unTRAPed dMSNs, and unTRAPed iMSNs,
respectively). This decrease in PPR was different at every ISI less than 500 ms. While
this data is preliminary, these results are consistent with two possibilities: (1) increased
release probability at some or all excitatory synapses (which appears most likely, as
retrograde tracing did not reveal significant changes in the distribution of synapses
anatomically) or (2) a redistribution of inputs from high-PRR synapses, such as those
from the cortex (Ding et al., 2008) to low-PPR synapses, such as those from the thalamus
(Ding et al., 2008).

Though our mEPSC recordings did not show a significant increase in mEPSC
amplitude, we also used the evoked EPSC measurements to assess for changes in
postsynaptic function. We measured the AMPA to NMDA ratio in evoked EPSCs onto
TRAPed and unTRAPed dMSN, and unTRAPed iIMSNs from parkinsonian/levodopa-

treated mice (Figure 7G). An increase in the AMPA/NMDA ratio for a given input is often
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interpreted to indicate strengthening of synapses via postsynaptic mechanisms (Mameli
et al., 2011; Ungless et al., 2001). This interpretation is based on the observation that in
many forms of long-term potentiation (LTP), AMPA receptors are inserted in the
membrane, yielding a higher AMPA-mediated current (Luscher and Malenka, 2012). To
test this possibility, we measured the amplitude of evoked EPSCs at two different holding
potentials, -70 mV and +40 mV, to distinguish AMPA and NMDA receptor-mediated
currents. Our preliminary results indicate the AMPA/NMDA ratio is increased in TRAPed
dMSNs compared to other MSNs (Figure 7G, n= 12, 7, 5 cells; N= 4, 3, 3 animals for
TRAPed dMSNs, unTRAPed dMSNs, and unTRAPed iMSNSs, respectively). However,
given the variability in this physiological measure, more data are needed to draw a final
conclusion. Together, these results suggest that both a presynaptic and postsynaptic
mechanism may contribute to the aberrant activity of TRAPed neurons in vivo.

Another potential cellular mechanism contributing to the aberrant activation of
TRAPed neurons in vivo is intrinsic excitability or its regulation by dopamine. This
mechanism is a particularly attractive candidate, as dopamine is known to increase the
excitability of direct pathway neurons in slices from healthy rodents (Hernandez-Lopez et
al., 1997; Planert et al., 2013), and the primary changes we saw in the firing of TRAPed
neurons were in response to levodopa. We first explored whether the basic intrinsic
properties of TRAPed dMSNs differed from those of unTRAPed dMSNs and iMSNSs, using
whole-cell current-clamp recordings, again in parkinsonian/levodopa-treated
FosTRAP;Ai14;D2-GFP mice (Figure 8A-B). We included biocytin in the pipette for post
hoc confirmation of the presence of TdTomato (TRAP) or D2-GFP (Figure 8B). In the

absence of acute dopaminergic treatment, the passive and active properties (resting
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membrane potential, input resistance, rheobase -- minimum current injection needed for
an action potential to be generated, action potential threshold, afterhyperpolarization
amplitude, or action potential half width) of TRAPed dMSNs and unTRAPed dMSNs and
iIMSNs were not different from one another (Figure 8C, E-G, Table 1, n=5, 5, 6 cells; N=
3, 3, 3 animals for TRAPed dMSNs, unTRAPed dMSNs, and unTRAPed iMSNs,
respectively). These results suggest that intrinsic excitability alone (in the absence of
dopamine) does not explain the differential activity in TRAPed dMSNSs in vivo.

As the firing of TRAPed dMSNs did not differ from overall dMSNs in the
parkinsonian state in vivo, and that we did not find any changes in their baseline intrinsic
excitability, we next tested whether TRAPed neurons showed enhanced excitability in the
presence of the dopamine agonist, SKF 81297, compared to unTRAPed dMSNs and
iIMSNs (Figure 8D-G). Previous findings have shown a modest increase in the number of
spikes elicited in the presence of dopamine or dopamine D1 agonists by short current
pulses just above the rheobase (Hernandez-Lopez et al., 1997; Planert et al., 2013).
Therefore, we hypothesized that similar increases in excitability might be seen in dMSNs
in parkinsonian mice, but might be differentially expressed in TRAPed and unTRAPed
dMSNSs. After cells were patched and achieved a stable baseline, a series of current
injections was provided to assess the input current-output firing frequency (IF)
relationship within each cell type (Figure 8C-D). Next, 5 uM SKF was washed onto the
slice and the IF was reassessed (Figure 8D). By and large the passive and active
properties of TRAPed and unTRAPed MSNs were unchanged by SKF application (Table
1), but as predicted, we observed a modest increase in the number of spikes elicited at

rheobase in dAMSNSs, which was more pronounced in TRAPed versus unTRAPed dMSNs
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and iIMSNs (Figure 8H, n=5, 5, 6 cells; N=3, 3, 3 animals for TRAPed dMSNs, unTRAPed
dMSNs, and unTRAPed iIMSNSs, respectively). However, we did not see significant
changes in the maximum firing rates achieved between TRAPed, unTRAPed dMSNSs, and
unTRAPed iMSNs (data not shown). These results suggest that a change in sensitivity to
dopamine may be enhanced in TRAPed neurons, however, more data is heeded to reach

statistical power to truly make this comparison.
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4.4 Discussion

Here, we used in vivo and in vitro electrophysiology, monosynaptic rabies tracing,
and TRAP to investigate the cellular and synaptic mechanisms of levodopa-induced
dyskinesia. In single-unit recordings, we found that levodopa evoked higher firing rates in
TRAPed neurons than in putative dMSNs overall, and further that the firing of TRAPed
neurons often correlated with dyskinesia severity on a moment-to-moment basis. In
addition, we found a preferential enhancement of excitatory inputs onto TRAPed dMSNs
compared to other nearby dMSNs and iIMSNSs, suggesting presynaptic plasticity may
develop during chronic parkinsonism or its treatment, and explain the aberrant in vivo
firing seen in LID.

It is generally accepted that the striatum can be divided into anatomical or
functional channels, composed of multiple cortico-striatal-thalamic circuits (Alexander
and Crutcher, 1990; Redgrave et al., 2010) and further subdivided into the striatal direct
and indirect pathways, which are generally viewed as homogeneous pathways projecting
to various downstream nuclei (Albin et al., 1989; DelLong, 1990). However, whether there
is heterogeneity within each channel/pathway, in healthy animals or in animal models of
disease, is less clear (Liljieholm and O'Doherty, 2012). Our underlying hypothesis was
that within the direct pathway neurons in the sensorimotor “channel”, there is
heterogeneity amongst neurons in synaptic connectivity, excitability, and/or in dopamine-
related neural plasticity. Further, we hypothesized that this heterogeneity is one of the
reasons that levodopa evokes both therapeutic and dyskinetic responses in parkinsonian
animals. In keeping with this hypothesis, we found that a subset of striatal neurons

(TRAPed cells) showed aberrant levodopa-evoked firing rates in parkinsonian animals,
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and that these same neurons receive increased excitatory input. These findings were
predicted by heterogeneity in striatal single-unit responses to levodopa and to behavior
in parkinsonian primates (Liang et al., 2008). However, our study allowed us to link a
subpopulation of neurons that causally contribute to dyskinesia (TRAPed striatal neurons,
Girasole et al.,, 2018) with single-unit physiological characteristics and anatomical
connections in vivo and cellular and synaptic changes in ex vivo preparations.

What are the cellular or synaptic features that distinguish TRAPed dMSNs from
other dMSNs? Answering this question would not only inform our understanding of the
heterogeneity found in healthy and parkinsonian mice, but could lead to more targeted
therapeutics for Parkinson’s disease. One hypothesis is that these neurons differ in the
distribution or strength of synaptic inputs. The sensorimotor striatum receives excitatory
synaptic input from all over the brain (Berendse and Groenewegen, 1990; Gerfen, 1992;
Gerfen and Bolam, 2010; Hunnicutt et al., 2016; Smith et al., 2011), but these inputs might
be re-weighted by chronic dopamine depletion and/or dopamine replacement therapy
(Azdad et al., 2009; Fieblinger and Cenci, 2015; Fieblinger et al., 2014; Nishijima et al.,
2014; Suarez et al., 2014; Zhang et al., 2013) and this type of anatomical plasticity could
be differentially expressed in TRAPed vs unTRAPed dMSNs. However, using
monosynaptic rabies tracing, we saw no evidence of differences in inputs between
TRAPed neurons and dMSNs more generally. We found a relatively symmetrical
distribution of excitatory inputs onto dMSNs and iIMSNSs in healthy animals, as previously
demonstrated (Guo et al., 2015; Wall et al., 2013). Not unexpectedly, this distribution
shifted in chronically dopamine-depleted/levodopa-treated animals. Overall, we saw

changes that suggested homeostatic readjustment to the altered firing patterns of MSNs
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in such animals: we found an increase in excitatory inputs to iIMSNs compared to dMSNSs,
which could help compensate for the suppressed activity of IMSNs and higher activity of
dMSNSs seen in levodopa-treated mice (Parker et al., 2018; Ryan et al., 2018). We hope
to address whether these differences track the loss and replacement of dopamine with
the addition of a cohort of chronically parkinsonian (60HDA) but untreated (levodopa-
naive) mice, along with larger sample sizes in all groups. Whether these differences in
inputs in LID are indeed homeostatic, as suggested previously by a study of dendritic
spines in dMSNs and iIMSNs in LID (Fieblinger et al., 2014), is yet to be determined.
Interestingly, we observed changes in the opposite direction for intrastriatal (likely
inhibitory) connections onto dMSNs and iIMSNs, which might also be homeostatic in
nature. Again, there was no difference in the distribution of inputs onto TRAPed neurons
versus overall dMSNs, suggesting changes in the distribution of inputs onto dMSNs do
not explain the aberrant firing of TRAPed neurons during dyskinesia, nor perhaps do they
explain the development of dyskinetic movements. Finally, the lack of obvious differences
in the sources of input, as assessed with rabies tracing, does not exclude the possibility
of changes in synaptic function, which we found using ex vivo electrophysiology.
However, whether those functional changes arise in some inputs and not others is still
unclear.

A longstanding hypothesis in the field suggests that the chronic loss of dopamine,
or dopamine replacement, leads to impaired synaptic plasticity; evidence for this
hypothesis has been found in ex vivo recording studies (Bagetta et al., 2012; Fieblinger
et al., 2014; Jenner, 2008; Picconi et al., 2003; Shen et al., 2015). In animals with LID,

investigators have observed changes in long term potentiation (LTP), specifically in the

167



inability to depotentiate previously strengthened excitatory inputs in unidentified and
direct pathway neurons (Picconi et al., 2003; Shen et al., 2015). One group found this
plasticity was dependent on cholingeric signaling via large cholinergic interneurons within
the striatum and the muscarinic type 4 (M4) receptor (Shen et al., 2015). Such aberrant
plasticity may lead to changes in synaptic properties--another group showed that
parkinsonian/levodopa-treated animals had alterations in AMPA/NMDA ratio (Bagetta et
al., 2012). Indeed, an attractive hypothesis is that synaptic function may be differentially
altered in TRAPed dMSNs compared to neighboring dMSNs. We found an increase in
MEPSC frequency and a decrease in PPR in evoked EPSCs, suggestive of a change in
presynaptic function in TRAPed dMSNs. These findings might reflect a change in function
of a similar group of presynaptic release sites, or might reflect a shift from lower probability
of release (Pr) sites to higher Pr sites. Interestingly, we qualitatively observed that the
PPR from TRAPed neurons in LID is very similar to that of thalamic inputs onto MSNs in
healthy mice (Ding et al., 2008). While we did not observe any anatomical changes in
thalamic inputs to TRAPed animals from rabies tracings, other studies have noted
functional changes in thalamic inputs in Parkinson’s disease (Parker et al., 2016;
Tanimura et al., 2019). Thus, testing if thalamic inputs could be driving these presynaptic
changes is an exciting prospect moving forward. Finally, in pilot experiments, we also
found an increase in the AMPA/NMDA ratio in evoked EPSCs in TRAPed neurons. This
finding suggests a possible postsynaptic component, as well, which would be in line with
several previously reported findings in dMSNs or unidentified MSNs. Unfortunately, direct

comparison of prior studies is difficult, as they were performed under different conditions
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(duration of parkinsonism/treatment; recording configuration), typically in unidentified cell
types.

Dissociating the mechanisms by which TRAPed and unTRAPed neurons respond
to levodopa might inform development of new treatments to prevent or reduce LID. With
such information, pharmacological blockers of TRAPed neurons, given in conjunction with
levodopa, might reduce dyskinesia while preserving the therapeutic aspects of levodopa.
Pharmacological activators of unTRAPed dMSNs might promote therapeutic responses
without evoking dyskinesia. Future studies using single-cell sequencing could help further
explain differences in TRAPed dMSNs at the molecular level, which in turn might focus

future physiological or pharmacological studies.
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4.5 Experimental Procedures

Animals:

We used 3-9 month old C57BI/6 mice of either sex. Hemizygous FOSTRAP mice (Ligun
Luo, Stanford) were bred to either wild-type C57BI/6 mice (WT, Jackson Labs) or
homozygous Ail4 mice (Jackson Labs) to yield FOSTRAP or FOSTRAP;Ail4 mice.
Hemizygous D2-GFP mice (Gong et al., 2003) were bred against WT mice to produce
D2-GFP animals. For slice electrophysiology experiments, hemizygous FOSTRAP;Ail14
mice were bred to hemizygous D2-GFP mice to yield FOSTRAP;AI14;D2-GFP mice.
Animals were housed 1-5 per cage on a 12-hour light/dark cycle with ad libitum access
to rodent chow and water. All behavioral manipulations were performed during the light
phase. We complied with local and national ethical and legal regulations regarding the
use of mice in research. All experimental protocols were approved by the UC San
Francisco Institutional Animal Care and Use Committee.

Surgical Procedures:

All surgical procedures were performed at 3-6 months of age. Anesthesia was
induced with intraperitoneal (IP) injection ketamine/xylazine and maintained with 0.5%-
1.0% inhaled isoflurane. Mice were placed in a stereotaxic frame and a mounted drill was
used to create holes over the left medial forebrain bundle (MFB) and/or the left
dorsolateral striatum (DLS). To render mice parkinsonian, the left MFB (-1.0 AP, +1.0 ML,
-4.9 mm DV) was injected using a 33-gauge needle with 1-1.5 pL per site of 6-
Hydroxydopamine (6-OHDA)-bromide. In some experiments, AAV5-DIO-ChR2-eYFP
(UPenn Vector Core, 1-1.5 uL) was also injected in the left DLS (+0.8 AP, + 2.3 ML, - 2.5

mm DV). 6-OHDA and virus were injected at a rate of 0.15 uL/min, after which the injection
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cannula was left in place for 10-15 minutes prior to being withdrawn and the scalp being
sutured. For Cre-dependent rabies tracing experiments, 300 nL helper virus, rAAV1/synp-
DIO-sTbEpB-GFP (UNC Vector Core, lot AV6118CD) was injected into two left DLS sites
(+/- 0.8 AP, -2.4 ML, -2.5 DV) at a rate of 100 nL/min. Two weeks after helper virus
injection, 300nL modified EnvA G-deleted Rabies-mcherry (Salk Viral Vector Core) virus
was also injected in the two left DLS sites at 100 nL/min.

In preparation for in vivo single-unit recordings, FOSTRAP;Ai14 mice were injected
with 6-OHDA and ChR2, as described above, and optrode arrays were implanted in a
second surgical procedure. After the scalp was reopened, a large craniectomy (1.5 x 1
mm) was created over the left DLS, and two small holes were drilled in the right frontal
and right posterior parietal areas for placement of a skull screw (Fine Scientific Tools,
FST) and ground wire, respectively. A fixed multichannel electrode array (32 Tungsten
microwires, Innovative Neurophysiology) coupled to a 200 um optical fiber (Thorlabs) was
slowly lowered through the craniectomy into the DLS. The final location of the electrode
tips was targeted 100-200 um above the previous ChR2 injection (-2.3-2.4 mm DV). The
array was covered and secured into place with dental cement (Metabond) and acrylic
(Ortho-Jet).

All animals were given buprenorphine (IP, 0.05 mg/kg) and ketoprofen
(subcutaneous injection, 5 mg/kg) for postoperative analgesia. Parkinsonian animals
were monitored closely for 1 week following surgery: mouse cages were kept on a heating
pad, animals received daily saline injections and were fed nutritional supplements (Diet-

Gel Recovery Packs and forage/trail mix).
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Behavior:

Postoperatively, parkinsonian mice were monitored in the open field 1-2 times per
week for 10 minutes per session. All mice were habituated to the open field (clear acrylic
cylinders, 25 cm diameter) for 30 minutes 1-2 days prior to behavioral sessions. The mice
were monitored via two cameras, one directly above (to capture overall movement) and
one in front of the chamber (to capture fine motor behaviors). Video-tracking software
(Noldus Ethovision) was used to quantify locomotor activity, including rotations (90°
contralateral or ipsilateral turns), distance traveled, and velocity. After a three-week
baseline period, daily injections of levodopa commenced. Levodopa-induced dyskinesia
(LID) was scored during weekly sessions in which mice were injected, then placed in a
clean, clear cage for visualization. For regular weekly dyskinesia scoring, 1-2 blinded
experimenters rated AlMs (for details see Statistical Procedures below).
Pharmacology:

6-OHDA (Sigma Aldrich) for MFB dopamine depletions was prepared at 5 ug/uL
in normal saline solution. Levodopa (Sigma Aldrich) was administered with benserazide
(Sigma Aldrich) and prepared in normal saline solution. Levodopa (5-10 mg/kg) was given
via IP injection 5-7 days per week over the course of the experiment. Initially, on the 7"
day of levodopa treatment for FOSTRAPXWT, FOSTRAP;Ail14, and FOosSTRAP;Ai14;D2-
GFP mice, animals were given 4-hydroxytamoxifen (4-OHT, 50 mg/kg in Chen oil, IP)
exactly one hour post-levodopa injection, to capture dyskinesia-associated neurons
(Figure 1B). 4-OHT was prepared as previously described (Guenthner et al., 2013).
Briefly, to prepare a 20 mg/mL stock in ethanol of 4-OHT, 4-OHT was added to 200 proof

ethanol, vortexed, and placed on a horizontal shaker at 37° C for 30 minutes or until the
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4-OHT dissolved. The stock solution was kept covered in foil to minimize light exposure.
Next, to prepare a 10 mg/mL working solution in oil, the 4-OHT/ethanol mixture was
combined with Chen Qil (a mixture of 4 parts sunflower seed oil and 1 part castor oil) and
placed into 1.5 mL Eppendorf tubes. The tubes were vigorously mixed, wrapped in foil,
and left on a nutator for 45 min at room temperature, vortexed and shaken periodically.
The tubes were then placed in a speed-vac for 2-3 hours to evaporate the ethanol. If
necessary, the final volume was adjusted with Chen Oil to 1 mL to reach a final
concentration of 10 mg/mL. Both levodopa and 4-OHT were injected in a quiet, familiar
environment, and animals were returned to their home cages, to minimize additional
stimuli. Daily levodopa injections continued for 2-6 weeks to allow expression of Cre-
dependent constructs. For in vitro experiments, picrotoxin (Sigma) was dissolved in warm
water to prepare a 5 mM stock solution, which was subsequently diluted in ACSF for a
final concentration of 50 uM. Tetrodotoxin (TTX, Abcam) was dissolved in water at a stock
concentration of 1 mM and added to ACSF for a final concentration of 1 yM. SKF 81298
was dissolved in water at a concentration of 1mM and added to ACSF for a final
concentration of 5 yM. For all in vitro experiments, biocytin (1-2.5 mg/mL) was included
in the internal solution for post-hoc confirmation of the presence or absence of Ail4 and
D2-GFP.
In Vivo Electrophysiology:

Two weeks after optrode array implantation, mice were habituated to tethering and
the recording chamber for 1-2 days. After habituation, experimental sessions occurred 3-
5 times per week for 2-6 weeks. During each session, electrical signals (single-unit and

LFP data from each of 32 channels) were collected using a multiplexed 32 channel
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headstage (Triangle Biosystems), an electrical commutator equipped with a fluid bore
(Dragonfly), filtered, amplified, and recorded on a MAP system, using RASPUTIN 2.4
HLK3 acquisition software (Plexon). Spike waveforms were filtered at 154-8800 Hz and
digitized at 40 kHz. The experimenter manually set a gain and threshold for storage of
electrical events.

During recording sessions, after a baseline period of 30 minutes in the
parkinsonian state, levodopa (5-10 mg/kg) was injected IP. After a period of 2-3 hours of
recording spontaneous activity in the open field, an optogenetic cell identification protocol
was applied (Kravitz et al., 2013), consisting of 100 msec blue light pulses, given at 1 Hz.
At each of 4 light powers (0.5, 1, 2, and 4 mW), 1000 light pulses were delivered via a
lightweight patch cable (Doric Lenses) connected to a blue laser (Shanghai Laser and
Optics Century), via an optical commutator (Doric Lenses), and controlled by TTL pulses
from a behavioral monitoring system (Noldus Ethovision).

Single-units were identified offline by manual sorting using Offline Sorter 3.3.5
(Plexon) and principle components analysis (PCA). Clusters were considered to
represent a single unit if (1) the unit's waveforms were statistically different from multiunit
activity and any other single-units on the same wire, in 3D PCA space, (2) no interspike
interval <1 msec was observed. Single-units were then classified as putative medium
spiny neurons (MSNs) as previously described (Berke et al., 2004; Gage et al., 2010;
Harris et al., 2000) using features of the spike waveform (peak to valley and peak width),
as well as inter-spike interval distribution.

After single-units had been selected for further study, their firing activity was

analyzed using NeuroExplorer 4.133 (Nex Technologies). To determine if a unit was
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optogenetically identified, a peristimulus time histogram was constructed around the
onset of laser pulses. To be considered optogenetically identified, a unit had to fulfill 3
criteria: (1) the unit had to increase firing rate above the 99% confidence interval of the
baseline within 15 msec of laser onset; (2) the unit’s firing was above this threshold for at
least 15 msec; (3) the wunit's laser-activated waveforms were not statistically
distinguishable from spontaneous waveforms.

In Vitro Electrophysiology:

Prior to terminal anesthesia and preparation of brain slices, animals (3-9 months)
were coinjected with levodopa and benserazide (5-10 mg/kg and 2.5-5 mg/kg,
respectively) to induce LID. After 30-45 minutes in the dyskinetic state, mice were deeply
anesthetized with an IP ketamine-xylazine injection, transcardially perfused with ice-cold
glycerol-based slicing solution, decapitated, and the brain was removed. Glycerol-based
slicing solution contained (in mM): 250 glycerol, 2.5 KCI, 1.2 NaH2PO4, 10 HEPES, 21
NaHCOs, 5 glucose, 2 MgClz, 2 CaClz. The brain was mounted on a submerged chuck,
and sequential 300 uym coronal slices were cut on a vibrating microtome (Leica),
transferred to a chamber of warm (34° C) carbogenated ACSF containing (in mM) 125
NaCl, 26 NaHCOs, 2.5 KCI, 1 MgClz, 2 CaClz, 1.25 NaH2PO4, 12.5 glucose for 30-60
minutes, then stored in carbogenated ACSF at room temperature. Each slice was then
submerged in a chamber superfused with carbogenated ACSF at 31-33°C for recordings.

Striatal neurons were targeted for recordings using differential interference
contrast (DIC) optics in FOSTRAP;AI14 or FOSTRAP;Ai14;D2GFP mice on a Olympus BX
51 WIF microscope. In FoSTRAP;Ai14 and FosTRAP;Ail4;D2GFP mice, TRAPed

neurons were identified by their td-Tomato positive somata and D2 positive neurons were
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identified by GFP fluorescence. Fluorescence-negative neurons with GABAergic
interneuron physiological properties (membrane tau decay <1 ms for both fast-spiking
and persistent low-threshold spiking subtypes; input resistance >500 MQ in persistent
low-threshold spiking subtype) were excluded from the analysis.

Neurons were patched in whole-cell voltage-clamp configurations using
borosilicate glass electrodes (3-5 MQ) filled with cesium-based (voltage-clamp) or
potassium methanesulfonate-based internal solution. Cesium based solution containing
(in mM) respectively: 120 CsMeSOs, 15 CsCl, 8 NaCl, 0.5 EGTA, 10 HEPES, 2 MgATP,
0.3 NaGTP, 5 QX-314, pH 7.3. Potassium based solution containing (in mM): 130
KMeSOs, 10 NacCl, 2 MgClz, 0.16 CaClz, 0.5 EGTA, 10 HEPES, 2 MgATP, 0.3 NaGTP,
pH 7.3. Picrotoxin (50 uM) was added to the external solution to block synaptic currents
mediated by GABAA receptors. Drugs were prepared as stock solutions and added to the
ACSF to yield the final concentration.

Whole-cell voltage-clamp recordings were made using a MultiClamp 700B
amplifier (Molecular Devices) and ITC-18 A/D board (HEKA). Data was acquired using
Igor Pro 6.0 software (Wavemetrics) and custom acquisition routines (mafPC, courtesy
of M. A. Xu-Friedman). Voltage-clamp recordings were filtered at 2 kHz and digitized at
10 kHz. All recorded neurons exhibited electrophysiological characteristics of medium
spiny neurons. Synaptic currents were monitored at a holding potential of -70 mV. Series
resistance and leak currents were monitored continuously. Miniature EPSCs were
recorded at—70 mV in 1 yM TTX and 50 uM picrotoxin. Only cells with at least 500 events
were included in the analysis. Cumulative probability plots were generated from 500

randomly selected mMEPSC events. Evoked EPSCs onto medium spiny neurons were

176



elicited in the presence of picrotoxin (50 uM) with a stimulus isolator (IsoFlex, AMPI) and
a glass electrode placed dorsolateral to the recorded neuron, typically 100-200 ym away.
Stimulus intensity was adjusted to yield EPSC amplitudes of approximately 400 pA.
Stimulus duration was 300 ps. For evaluation of the paired pulse ratio, two stimuli were
given at variable interstimulus intervals (ISIs; 25, 50, 100, 200, 500 ms) with a 20 sec
intertrial interval. Paried-pulse ratio is defined as EPSC2/EPSC.:. Five-eight repetitions at
each ISI were averaged to yield the PPR for that ISI. For monitoring of EPSC amplitude
over time, two pulses delivered with 50 ms interstimulus interval were given every 20
seconds. For AMPA/NMDA ratio experiments, one stimulus at -70 mV or +40 mV was
given every 20 seconds, at 15-20 repetitions per holding potential. AMPA/NMDA ratios
were calculated as the ratio of the magnitude of the EPSC at +40 mV at 50 ms following
stimulation (NMDA) to the peak of the EPSC at -70 mV (AMPA).

Monosynaptic Rabies Tracing:

D1-Cre and A2a-Cre mice were used to perform monosynaptic retrograde tracing
onto direct and indirect pathway neurons, respectively. Groups of healthy (non-depleted)
and parkinsonian, levodopa-treated mice were used within each genotype. Mice were
rendered parkinsonian as described above. Four weeks after dopamine depletion,
animals received daily injections of levodopa. Parkinsonian mice (one week into daily
levodopa injections) or untreated, healthy mice, were then anesthetized and a Cre-
dependent helper virus (AAV-DIO- sTpEpB-GFP) was stereotaxically injected into the left
DLS (ipsilateral to the depletion in parkinsonian mice). The helper virus expresses the
EnvA receptor, TVA, and rabies glycoprotein necessary for rabies infection and

replication in a cell-type specific manner, termed “starter cells,” which are labeled with the
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green fluorophore GFP. Animals are allowed to recover for two weeks, at which point they
are anesthetized and a replication-incompetent form of the rabies virus (EnvA-G-deleted-
rabies-mCherry) is stereotaxically injected into the DLS using the same coordinates. The
rabies virus will then infect a subset of starter cells and travel retrogradely one synapse,
expressing the red fluorophore mCherry in infected cells. Once the rabies virus infects a
presynaptic neuron, uninfected with the helper virus, it will no longer be capable of
replication and/or retrograde synaptic infection. Rabies injections were performed in an
approved Biosafety Level 2 (BSL-2) surgical suite. Animals were then allowed to recover
for ten days, at which point they were terminally anesthetized with ketamine/xylazine
(200/40 mg/kg 1.P.), transcardially perfused with 4% paraformaldyde (PFA), and the brain
dissected from the skull. The brain was post-fixed overnight in 4% PFA and then placed
in 30% sucrose at 4°C.

Parkinsonian, levodopa-treated FOSTRAP mice were prepared in a similar fashion
as D1-Cre and A2a-Cre mice, with some alterations made to the experimental timeline to
accommodate helper virus expression using the conditional Cre (CreER) in the FOSTRAP
line. In FOSTRAP mice, helper virus was injected in the left DLS at the same time as the
initial dopamine depletion. Three weeks after dopamine depletion, FOSTRAP mice began
daily levodopa injections. After one week of daily levodopa injections, as above, FOSTRAP
mice were injected with levodopa followed by an injection of 4-OHT, allowing for
recombination and expression of the helper virus. Two weeks later, FOSTRAP mice were
anesthetized and the modified rabies virus was injected using the same procedures
described above. The remainder of the experimental timeline was similar to that for D1-

Cre and A2a-Cre mice as described above.
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Fixed brains, stored in sucrose, were then sent to Charles Gerfen at the NIMH for
sectioning, mounting, imaging, and analysis using published methods (Eastwood et al.,
2018). Briefly, brains were sectioned coronally at 50 ym using a freezing microtome.
Slices are then imaged using a Zeiss microscope equipped with a z axis drive, imaging
each fluorophore
Histology & Microscopy:

After rabies tracing or behavioral experiments, mice were deeply anesthetized with
IP ketamine-xylazine and transcardially perfused with 4% paraformaldehyde in PBS.
Following in vivo electrophysiology experiments, prior to perfusion, electrode array
location was marked by electrolytic lesioning. After deep anesthesia, the implant was
connected to a solid state, direct current (DC) Lesion Maker (Ugo Basile). A current of
100 pA was passed through each microwire for 5 seconds. After perfusion, the brain was
dissected from the skull and post-fixed overnight in 4% paraformaldehyde, then placed in
30% sucrose at 4°C for cryoprotection. The brain was then cut into 35 ym coronal or
sagittal sections on a freezing microtome (Leica) and then mounted in Vectashield
Mounting Medium onto glass slides for imaging. For immunohistochemistry, the tissue
was blocked with 3% normal donkey serum (NDS) and permeabilized with 0.1% Triton X-
100 for 2 hours at room temperature on a shaker. Primary antibodies were added to 3%
NDS and incubated overnight at 4° C on a shaker. Primary antibodies used: Rabbit anti-
TH (Pel-Freez, 1:1000), Chicken anti-TH (Sigma, 1:1000), and Chicken anti-GFP (1:500).
Slices were then incubated in secondary antibodies (donkey anti-rabbit or chicken

Alexafluor 488, 593, or 647, 1:500, JacksonImmuno Research) for 2-4 hours at 4°C on a
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shaker, washed, and mounted onto slides for imaging. 4 or 10x images were acquired on
a Nikon 6D conventional widefield microscope.

For slice electrophysiology experiments in which the internal solution contained
biocytin, slices were subsectioned at 50 um and washed in PBS. Slices were blocked for
2 hours at room temperature on a shaker in a 5% NDS and 0.3% Tween-20 PBS-based
solution. Primary antibodies were the same as described above. Slices were then
incubated in secondary antibodies (donkey anti-rabbit or chicken Alexafluor 488, 593, or
647, 1:500, Jacksonlmmuno Research and Streptavidin Alexa 350, 3:500, Sigma) for 6-
12 hours at 4°C on a shaker, washed, and mounted onto slides for imaging. Images were
acquired on a Nikon 6D conventional widefield or Nikon Spinning Disk confocal
microscope with a 40x objective microscope. Exposure times were matched between

images of the same type

Quantification and Statistical Analysis
Behavior:

Dyskinesia was quantified using a standard scoring method (Cenci and Lundblad,
2007), which takes into account abnormal involuntary movements (AIMs) in axial, limb,
and orofacial (ALO) body segments. Briefly, dyskinesia was quantified every 20 minutes,
over a two-hour period, using a scale of 0-4. A score of 0 indicates no abnormal
movement, and a score of 4 describes continuous and uninterruptable dyskinetic
movements; 12 (4 x 3 body segments) is the maximum score possible for a given time

point.
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In Vitro Electrophysiology:

Comparisons of mEPSC frequency and amplitude from TRAPed dMSNSs,
unTRAPed dMSNSs, and unTRAPed iMSNs were made with a One-Way ANOVA with
Tukey post hoc test after reaching a predetermined n of 20 cells per group.

In Vivo Electrophysiology:

For the majority of analyses of single-unit firing rate and behavior, firing rate was
averaged in 1 minute bins. Modulation of firing rate by levodopa was determined by
comparing single-unit firing rates before and after drug administration, during the peak
behavioral effects. The 30-minute baseline period was compared to a 30-minute period
following drug injection (10-40 minutes post-injection). Following levodopa administration,
unlabeled single-units were categorized into three broad groups as follows, based on
significant changes in firing rate (p < 0.01, Wilcoxon rank-sum test (denoted Mann-
Whitney)) following levodopa treatment: putative dMSNs (On MSNSs, increase in firing
rate), putative iIMSNs (Off MSNs, decrease in firing rate), or no change units (NC,
nonsignificant change in firing rate) (Figure 1E). For levodopa sessions, putative dMSNs
were further divided using rate-based and behavior-based methods.

For the rate-based method, we compared single-unit firing rates of putative dMSNs
from parkinsonian mice after levodopa injection to the firing rates of healthy mice. We
calculated the 99% confidence interval of firing rate for all single-units recorded in healthy
mice and used the upper bound of this interval as our threshold. A putative dMSN was
classified as High FR if the post-levodopa firing rate (10-40 minutes post-injection of
levodopa) exceeded the 99% confidence interval of MSNs from healthy mice in any single

bin. For the behavior-based method, AIM scores were also averaged in 1 minute bins and
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correlated with firing rate using linear regression. Labeled TRAPed neurons or putative
dMSNs with a significant correlation (R? > 0.35) to AIM score were labeled dyskinesia
(DYSK) units and those with no significant correlation (R? < 0.35) to AIMs were classified
as on-unclassified (ON) units (Figures 1H-J).

Firing rates recorded in the ipsilesional striatum of parkinsonian mice before (Park)
or after (LID) levodopa were compared to recordings from healthy mice (Ctrl, Figures 1F)
using Mann-Whitney tests. Firing rates of parkinsonian mice before (Park) and after drug
administration (levodopa (LID), Figure 1F) were compared using Wilcoxon signed-rank
test (denoted Wilcoxon). Comparisons of firing rates between labeled TRAPed neurons,
putative dMSN subtypes (ON and DYSK), and MSNs in healthy controls were made using

a One-Way ANOVA with Tukey post hoc test (Figure 1F).
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Figure 1: Levodopa evokes high firing rates in TRAPed neurons, which correlate with
dyskinesia severity. A. Experimental timeline for in vivo single unit recordings in parkinsonian
FosTRAP mice. B. Coronal schematic of optrode recording configuration (left) and representative
histological section from a parkinsonian FOSTRAP mouse injected with DIO-ChR2-eYFP (right).
All recordings are ipsilateral to the injection of 6-OHDA. D. Representative optogenetically-
identified unit, showing short-latency response to blue light pulses. Top: rasterized firing over
1,000 trials at 4 mW. Bottom: peristimulus time histogram showing average short-latency
response across 4,000 trials. E. Proportions of putative striatal units found in all cells recorded
compared to optogentically labeled TRAPed neurons. Note: increased proportion of putative
direct pathway neurons found in TRAPed cells. F. Average firing rate of putative direct pathway
neurons in healthy mice (Ctrl) and parkinsonian mice before (Park) and after (LID) levodopa
injection, comparing all putative direct pathway neurons to optogentically labeled TRAPed cells.
G. Example AIM score from a session in which a TRAPed neuron was optogenetically identified.
Levodopa was administered at time zero (dotted line). H. Example firing rate of an optogenetically
labeled TRAPed neuron in response to an intraperitoneal (IP) injection of levodopa. Inset:
correlation of firing rate to AIMs, R? = 0.64. I. Example firing rate of a putative direct pathway
neuron in response to an IP injection of levodopa. Inset: correlation of firing rate to AIMs, R? =
0.12. J. Proportion of putative direct pathways neurons that correlate to dyskinesia in all cells
recorded compared to optogenetically labeled TRAPed cells. Dyskinesia-correlated units are
enriched in labeled TRAPed cells. n = cells, N = animals. Scale bar in C = 1mm. All data presented
as mean +/- SEM.
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Figure 2. Experimental design for monosynaptic rabies tracing studies. A. Schematic of Cre-
dependent rabies tracing workflow. (Top) Adult D1-Cre and A2a-Cre mice were treated with saline
or rendered parkinsonian (injection of 6-OHDA) and injected with AAV1-DIO- sTpEpB in the
dorsolateral striatum (DLS). (Bottom) FosTRAP mice were rendered parkinsonian and injected
with AAV1-DIO- sTpEpB as above. After treating 6-OHDA treated animals with levodopa and
administration of 4-hydroxytamofixen (4-OHT) for Cre-dependent recombination (TRAP) in
FosTRAP animals, all mice were injected in the DLS with modified monosynaptic EnvA Rabies-
mCherry virus. Animals were perfused 10 days after rabies injection to visualize presynaptic
inputs onto direct (D1-expressing) and indirect (A2a-expressing) pathway and FOsTRAP neurons.
B. Left: coronal schematic illustrating anatomical areas of interest in the ipsilateral hemisphere.
Right: representative histological sections from representative dopamine-depleted and levodopa
treated D1-Cre, A2a-Cre, and FosTRAP mice injected with DIO-sTpEpB and EnvA Rabies-
mCherry. C. Percentage of starter cells found within the striatum for D1-Cre, A2a-Cre, and
FosTRAP animals. Healthy mice: N = 4 D1-Cre, 3 A2a-Cre, Parkinsonian mice treated with
levodopa (LID): 4 D1-Cre, 4 A2a-Cre, 4 FOSTRAP. Abbreviations: Str (striatum), M1 (primary
motor cortex), M2 (secondary motor cortex), S1 (primary somatosensory cortex), S2 (secondary
somatosensory cortex). Scale bar in C = 1 mm. All data presented as mean +/- SEM.
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Figure 3: Summary of monosynaptic inputs onto direct and indirect pathway neurons in
healthy and 6-OHDA/levodopa treated mice. Monsynaptic inputs onto direct pathway neurons
are summarized in green (healthy mice = light green and parkinsonian mice treated with levodopa
(LID) = dark green) and inputs onto indirect pathway neurons are summarized in red (healthy
mice = pink and parkinsonian mice treated with levodopa (LID) = red). Healthy mice: N = 4 D1-
Cre, 3 A2a-Cre, Parkinsonian mice treated with levodopa: N=4 D1-Cre, 4 A2a-Cre. All data
presented as mean +/- SEM.
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data presented as mean +/- SEM.
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Figure 5: TRAPed neurons show increased presynaptic input from Npasl+ GPe neurons.
A. Representative 4x coronal histological section showing rabies labeled presynaptic inputs to
TRAPed striatal neurons. B. 10x magnification image showing rabies labeled neurons in A from
GPe. C. 10x magnification image of PV and Npas1 positive interneurons in the GPe. D. Merge of
B and C. E. High magnification image showing colocalization of Npasl positive and rabies-
mCherry labeled cells in the GPe. F. High magnification image showing no overlap between PV
positive and rabies-mCherry labeled cells in the GPe.
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Figure 6: Summary of cortical inputs onto direct pathway and indirect pathway, and
FosTRAP neurons in healthy and 6-OHDA and levodopa treated mice. Direct pathway
neurons are labeled in green (healthy mice = light green and 6-OHDA/levodopa treated mice =
dark green), indirect pathway neurons are labeled in red (healthy mice = pink and 6-
OHDA/levodopa treated mice = red), and FOSTRAP mice are labeled in blue. N = 4 D1-Cre
healthy, 3 A2a-Cre healthy, 4 D1-Cre 6-OHDA/levodopa, 4 A2a-Cre 6-OHDA/levodopa, and 4
FosTRAP 6-OHDA/levodopa treated mice. All data presented as mean +/- SEM.
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Figure 7. Excitatory transmission is preferentially increased onto TRAPed neurons in 6-
OHDA/levodopa treated mice. A. Coronal schematic from a FoSTRAP;Ai14;D2-GFP mouse
illustrating slice electrophysiology configuration. This configuration allows the ability to record
TRAPed dMSNs, unTRAPed dMSNSs, and D2-GFP positive unTRAPed iMSNSs in one preparation.
B. Confocal image showing a biocytin filled (blue) TRAPed neuron (red) that is negative for D2-
GFP. C. Representative traces of miniature excitatory postsynaptic currents (mMEPSCs) from
TRAPed dMSNs (red), unTRAPed dMSNs (black), and unTRAPed iMSNs (green). D. mEPSC
frequency cumulative histogram. Inset: Average mEPSC frequencies from TRAPed dMSNSs,
unTRAPed dMSNs, and unTRAPed iIMSNs. Note: increased mEPSC frequency onto TRAPed
neurons. E. mEPSC amplitude cumulative histogram. Inset: Average mEPSC amplitude from
TRAPed dMSNs, unTRAPed dMSNs, and unTRAPed iMSNs. Note: increased mEPSCs
amplitude onto TRAPed and unTRAPed dMSNSs. F-G. Electrically evoked EPCSs in slices from
FosTRAP;AI14;D2-GFP mice. F. Left: Representative EPSCs with 25, 50, 75, 100, 150, and 500
ms interstim interval (ISI). Right: Average paired pulse ratio (PPR) of evoked EPCSs onto
TRAPed and unTRAPed dMSNs and unTRAPed iMSNs. G. Left: Representative EPSC traces
recorded at -70 mV and +40 mV in TRAPed and unTRAPed dMSNs and unTRAPed iMSNs. Right:
Average ratio of the AMPA-receptor EPSC (peak at -70 mV) to the NMDA-receptor EPSC
(measured at 50 ms after stimulus at +40 mV) for TRAPed dMSNs, unTRAPed dMSNs, and
unTRAPed iIMSNs. All values are displayed as average + SEM.
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Figure 8: Intrinsic excitability is not altered in striatal medium spiny neurons in the
presence of dopamine agonists in LID mice. A. Coronal schematic from a FOSTRAP;Ai14;D2-
GFP mouse illustrating slice electrophysiology configuration. This configuration allows the ability
to record TRAPed dMSNs, unTRAPed dMSNs, and D2-GFP positive iIMSNs in one preparation.
B. Confocal image showing a biocytin filled (blue) TRAPed neuron (red) that is negative for D2-
GFP. C-D. Current clamp recordings from TRAPed dMSNs, unTRAPed dMSNs, and unTRAPed
iIMSNs before and after 5 uM SKF 81297. C. Representative control TRAP dMSNs, unTRAP
dMSNs, and unTRAP iMSNs displaying responses to a +600 pA current injection. D.
Representative TRAP dMSNs, unTRAP dMSNSs, and unTRAP iMSNs displaying responses to a
+600 pA current injection after 5 yM SKF 81297. E. Summary of firing frequency in response to
injected current before and after SKF 81297 in TRAPed dMSNs. F. Summary of firing frequency
in response to injected current before and after SKF 81297 in unTRAPed dMSNs. G. Summary
of firing frequency in response to injected current before and after SKF 81297 in unTRAPed
iIMSNs. H. Normalized # of action potentials seen at rheobase in control and after SKF 81297. All
values are displayed as average + SEM.
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Parameters TRAP TRAP + SKF unTRAP unTRAP unTRAP unTRAP

dMSN dMSN + SKF iMSN iMSN + SKF
Rin (MOhms) 88 +/- 31 87 +/-8 70 +/-10 111 +/- 40 61+/-6 74 +/-10
Vm (mV) -91+/-1.8 -89 +/- 3.0 92 +/-1.0 -88 +/- 2 -88 +/- 2.0 -84 +/- 3.0

Rheobase (pA) | 380 +/- 40 320 +/-20 330 +/-45 300 +/- 32 450 +/- 80 483 +/- 70

AP threshold

(mV) -35+/-1.6 =34 +/- 3.1 41 +/-2.0 -37 +/-1.8 -43 +/- 3.4 -39 +/-7.0

AHP ?HT\‘,’)"t“de 15 +/- 0.4 15 +/-0.9 154/-17 | 14+-15 | 16 +/-1.1 19 +/-3.8

Half width

(ms) 1.5+/-010 | 1.6+/-0.16 | 1.2+/-0.09 | 1.2+/-0.14 | 1.1 +/-0.17 | 1.0 +/-0.30

Table 1: Ex vivo excitability parameters for TRAPed dMSNs, unTRAPed dMSNSs, and
unTRAPed iMSNs before and after SKF 81297. Intrinsic excitability measurements recorded
in TRAPed cells, unTRAPed dMSNs, and unTRAPed iMSNs before and after application of 5 yM
SKF81927. Rin = input resistance, Vm = resting membrane potential, AP threshold = action
potential threshold, AHP amplitude = amplitude of the action potential afterhyperpolarization.
Rheobase is the minimum amplitude current step (of 450 msec duration) that evoked spiking. Half
width is the width of the action potential at half-maximal spike amplitude. All values are displayed
as average + SEM.
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CHAPTER 5

Conclusion

The work presented in this dissertation provides new insights into striatal
dysfunction in hyperkinetic movement disorders. We have demonstrated that alterations
in striatal activity are critical for generating dyskinesia in two etiologically distinct mouse
models (Chapter 2 and 3), and that changes in presynaptic striatal excitatory plasticity
may be a common underlying mechanism (Chapter 2 and 4).

Perhaps the most exciting finding in this dissertation is in the discovery that two
forms of dyskinesia, LID and PNKD, are characterized by profound dysfunction in different
basal ganglia pathways, but may share both upstream causes (aberrant synaptic
plasticity) and downstream changes in circuit function (an imbalance in the direct and
indirect pathways). In PNKD we found profound reductions in striatal indirect pathway
activity underlying dyskinesia, whereas in LID abnormally high firing rates in striatal direct
pathway neurons seem to drive dyskinetic behavior. If propagated to downstream basal
ganglia as predicted by the classical model, these changes in striatal firing could converge
at the level of basal ganglia output (strongly inhibiting SNr/GPi firing) and disinhibit motor
patterns.

Though this simple model is attractive, our work in Chapters 3 and 4 identified
functional heterogeneity within the direct pathway. Given the diversity of functions
associated with the striatum, from regulation of motivation and mood to contextually
appropriate decision-making, to fine calibration of movement, it is not surprising that there

would be interconnected physiological and functional diversity within the canonical direct
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pathway. However, this prediction had not been evaluated in the context of disease, and
furthermore, our data suggest reprogramming of normal synaptic connectivity to subserve
novel (disease-related) functions may be a more general mechanism in basal ganglia
disease. Given LID-associated or TRAPed neurons were only 20% of the striatum, yet
were reliably activated from levodopa session to levodopa session, we are hopeful that
targeting these neurons, with either pharmacological or DBS approaches, could be a
fruitful avenue for new Parkinson’s disease treatments. Discovering the mechanisms that
distinguish these neurons from other direct pathway cells could be critical for treating
basal ganglia disorders. Further genetic profiling will be needed to explore what makes
these neurons unique. Beyond dissecting the underlying causes of dyskinesias,
understanding the heterogeneity that exists within the basal ganglia will allow for more
complete and complex models of the diverse functions of these ancient, interconnected

nuclei.
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