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Abstract

Abnormal dopamine signaling in a mouse model of dystonia
By Maria A. Briscione

Dystonia is a neurological movement disorder characterized by involuntary twisting movements
and unnatural postures. Current treatment options for dystonia are palliative or inadequate for
many patients. The limited effectiveness of current treatment options highlights our incomplete
understanding of underlying pathomechanisms. Studies of acquired, inherited, and idiopathic
dystonias have led to the identification of some common etiologies, specifically, abnormal
dopamine signaling in the basal ganglia. Historically, dystonia has been viewed as a disorder of
the basal ganglia and studies also directly support a role for postsynaptic dopamine dysfunction
in the striatum, the primary input nucleus of the basal ganglia, in many forms of dystonia.
Dopamine exerts opposite physiological effects on neural activity via activation of dopamine D1
(D1Rs) or D2 receptors (D2Rs), which are expressed on the primary output neurons of the
striatum, so-called medium spiny neurons. However, the precise nature of abnormal postsynaptic
dopamine-mediated intracellular signaling pathways in dystonia is unknown. Until recently, it
was not possible to study abnormal postsynaptic dopamine-mediated signaling pathways in
dystonia because suitable animal models that exhibit dystonia caused by dysfunction in
dopamine neurotransmission were not available. However, studies in a recently developed mouse
model of dystonia (DRD mice) have identified specific abnormalities in dopamine-mediated
signaling implicated in dystonia. I utilized the DRD mouse model to determine the precise nature
of striatal dysfunction that may distinguish dystonia from other abnormal motor phenotypes. My
findings showed that dysfunction of both D1Rs and D2Rs is necessary for the expression of
dystonia. I determined that DRD mice exhibit blunted striatal D2R-mediated intracellular
signaling and supersensitive striatal D1R-mediated intracellular signaling. My results suggest
that abnormal striatal D1R-mediated signaling may be necessary, but not sufficient, for the
expression of dystonia. Determining the relationship between D1R- and D2R-mediated effects of
abnormal striatal intracellular signaling may ultimately reveal the precise nature of dysfunction
in dopamine neurotransmission that gives rise to dystonia.
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Chapter 1: Introduction

1.1. Historical perspective

Dystonia is a neurological movement disorder characterized by involuntary twisting movements
and unnatural postures. The first description of dystonia dates back to 1911, when neurologist
Hermann Oppenheim coined the term, “Dystonia Musculorum Deforms” to describe abnormal
posturing in four unrelated children (Oppenheim 1911, Klein and Fahn 2013). An accurate
historical account of this movement disorder is difficult to obtain prior to the advent of a
unifying nomenclature (Newby, Thorpe et al. 2017). However, some accounts speculate
Alexander the Great’s (356-23 BC) abnormal neck posture, which was portrayed in various
statues and described in texts, was ocular torticollis (Lascaratos and Damanakis 1996), a form of
cervical dystonia characterized by an abnormal neck rotation to the left or right.

Oppenheim, in his initial account of dystonia, recognized dystonia to be an organic
disease of the nervous system (Klein and Fahn 2013). However, in the 1900s, Sigmund Freud’s
psychoanalytical theories were popularized and supported a psychogenic model of dystonia
(Newby, Thorpe et al. 2017). Freud’s psychoanalytical theories supported symbolic
interpretations of the disorder; for example, twisting of the neck was interpreted as turning away
from stressful situations (Newby, Thorpe et al. 2017). It was not until 1944, when Ernst Herz
published a triad of articles, which described the symptoms (Herz 1944a), outlined the clinical
classification (Herz 1944b), and proposed an underlying pathology of dystonia (Herz 1944c),
that dystonia was reestablished as an organic disorder (Klein and Fahn 2013). In a statement
from Herz in the final paper of the series (Herz 1944c), he captures the ultimate goal and struggle

of translational research,



“In the establishment of a disease entity, the correlation of a clinical with a pathologic

entity is an ideal demand which has not yet been fulfilled in the majority of instances.”

Our understanding of dystonia has rapidly developed. Oppenheim’s contemporaries
reported similar cases in three affected siblings, which suggested the disease was hereditable
(Klein and Fahn 2013). In 1959, the heritability of dystonia was definitively argued (Zeman,
Kaelbling et al. 1959), and less than a decade later an animal model of dystonia was created by
lesioning the basal ganglia (Denny-Brown 1965). Today, scientists appreciate that dystonia
occurs as a result of an underlying neurological pathology; however, many questions remain
unanswered. In the following dissertation, I present an appraisal of the current knowledge in the
field of dystonia research, and discuss the results of my experiments involving abnormal
dopamine-mediated intracellular signaling in a mouse model of dystonia and its contribution to

our greater understanding of this disorder.

1.2. Epidemiology

Current estimates place the number of patients with dystonia at 3 million worldwide, ranking
dystonia as the third most prevalent movement disorder behind essential tremor and Parkinson’s
disease (Defazio, Abbruzzese et al. 2004, Cloud and Jinnah 2010). However, the actual number
of people with dystonia is likely much higher because a diagnosis requires access to a highly

trained neurologist.

1.3. Phenomenology



In 2013, an international panel of experts published the following consensus classification of
dystonia (Albanese, Bhatia et al. 2013): “Dystonia is a movement disorder characterized by
sustained or intermittent muscle contractions causing abnormal, often repetitive, movements,

postures, or both. Dystonic movements are typically patterned, twisting, and may be tremulous.”

1.3.1. Clinical characteristics
The clinical characteristics of dystonia are defined by four key phenomenological classifications:
1) body distribution, 2) age at onset, 3) temporal pattern, 4) and additional features (Albanese,

Bhatia et al. 2013).

Body distribution. Many different body regions can be affected in dystonia; these include
muscles in the cranial region, cervical region, larynx, trunk, and limbs. Affected regions may be
involved individually or in different combinations. For example, affected regions may be
singular (focal) or may include two or more contiguous regions (segmental), two or more
noncontiguous regions (generalized), or regions that are restricted to one side of the body

(hemidystonia). Dystonia can also progress to previously unaffected regions over time.

Age at onset. Dystonia can occur in a variety of different age ranges, including infancy (birth to 2
years), childhood (3-12 years), adolescence (13-20 years), early adulthood (21-40 years), and late
adulthood (>40 years). The age at onset can generally inform the diagnosis and prognosis; for
example, dystonia that begins in childhood is more likely to have an identifiable cause and

develop into the more severe generalized dystonia.



Temporal pattern. Dystonia can occur consistently or can display variability. For example,
dystonia can be task-specific and only occur only during a certain activity. Paroxysmal dystonia
describes a sudden, limited dystonia that is usually induced by a trigger and can persist for a
period of time even after the trigger has ended. Dystonia can also be diurnal, such that the
occurrence and severity has a circadian fluctuation. Further, the disease course of dystonia can be

static or progressive.

Additional features. Dystonia can be isolated or combined with other movement disorders. For
example, dystonia is sometimes observed in patients with Parkinson’s disease, a
neurodegenerative movement disorder. Dystonia can also coexist with other neurological or
systemic manifestations. Dystonia can be associated with non-motor symptoms including
changes in mood, cognition, and sleep (Soeder, Kluger et al. 2009). Some patients may also
experience pain, which can be unrelated to the severity of the motor symptoms (Kuyper, Parra et

al. 2011).

1.4. Treatments

Current treatment options for dystonia are palliative or inadequate for many patients and vary
based on the clinical manifestation of dystonia and the underlying etiology, if it is known.
Treatments available for dystonia include botulinum toxin injections, small molecule

medications, and surgical procedures.

1.4.1. Botulinum toxin

The most common treatment for dystonia is botulinum toxin injected into the affected muscles to



chemically reduce activity at the neuromuscular junction. Botulinum toxin, which is produced by
the bacterium, Clostridium botulinum, is highly effective at treating dystonia. For example,
botulinum toxin injections can be effective for the treatment of blepharospasm (Defazio, Hallett
et al. 2017), which is characterized by spasms of the orbicularis oculi muscles that close the
eyelid, and laryngeal dystonia, which is characterized by intermittent airway obstruction due to
laryngeal muscle spasms (Woisard, Liu et al. 2017). The use of botulinum toxin injections can be
limited by improper selection of dosing and/or muscle groups, and less commonly due to
intolerable side effects (Jinnah, Goodmann et al. 2016). Side effects are primarily localized and
include bruising, excess weakness, and more rarely flu-like symptoms (Baizabal-Carvallo,
Jankovic et al. 2013, Thenganatt and Jankovic 2014). The development of neutralizing
antibodies and associated resistance is a potential concern associated with frequent or long-term
use of botulinum toxin; however, newer formulations reduce an associated immune response
(Jankovic, Vuong et al. 2003). Botulinum toxin injections are typically not utilized in generalized

dystonia due to the complexity of contributing muscle groups.

1.4.2. Small molecule medications

Drugs used to treat dystonia have not been rigorously tested in large-scale, double-blinded,

placebo-controlled trials; instead, evidence for efficacy comes from small-scale studies,

retrospective reviews, and observational or anecdotal experience (Jinnah and Factor 2015). Many

current drugs are only effective in a subset of patients and may be intolerable due to side effects.
Anticholinergic drugs are frequently prescribed to treat many types of dystonia (Jinnah

and Factor 2015); however, the underlying mechanism of cholinergic dysfunction has yet to be

fully determined (Pisani, Bernardi et al. 2007). Trihexyphenidyl (THP), a nonselective



muscarinic acetylcholine receptor antagonist, is one of the only small molecule medications
proven effective using a prospective, double-blind study for the treatment of dystonia (Burke,
Fahn et al. 1986). THP is poorly tolerated due to cholinergic central and peripheral side effects
including dry mouth, blurred vision, constipation, urinary retention, and cognitive impairment.
Thus, few patients take THP, despite its efficacy (Thenganatt and Jankovic 2014).
Administration of L-DOPA, the precursor to dopamine, can be an effective treatment
when dystonia is caused by dysfunction in dopamine biosynthesis. This type of dystonia, DOPA-
responsive dystonia, is in fact characterized by the dramatic symptom reduction after L-DOPA
administration. L-DOPA is rarely effective in other forms of dystonia (Jinnah and Factor 2015);
however, dopamine agonists may be effective in cases of dystonia where dopamine synthesis is
not affected. Selective dopamine D2 receptor (D2R) agonists have been effective in reducing
dystonia when assessed in various small-scale studies; however, more rigorous, controlled trials
have not been conducted (Fan, Donsante et al. 2018). A recent analysis of published trials of
dopamine receptor agonists in patients with idiopathic dystonia demonstrated apomorphine, an
indirect dopamine D1 receptor (D1R) and D2R agonist, effectively reduced dystonia in two-
thirds of treated patients. While coactivation of D1Rs and D2Rs may be effective in alleviating
dystonia, apomorphine use is limited due to its side effects, which include nausea, psychosis,
headache, sweating, and dizziness (Fan, Donsante et al. 2018). Further, apomorphine is delivered
via subcutaneous injection due to its poor bioavailability, which contributes to its limited use.
Dopaminergic agonists are not commonly prescribed to treat dystonia given the limited
effectiveness in some populations and untoward side effects (Fan, Donsante et al. 2018).
Dopamine depleting agents and dopamine antagonists can also be effective in treating

dystonia. Case report findings and small trials have demonstrated that clozapine, an atypical



neuroleptic that antagonizes D2Rs and dopamine D4 receptors (D4Rs), can be effective in
treating dystonia (Trugman, Leadbetter et al. 1994, Karp, Goldstein et al. 1999). The use of both
dopamine agonists and antagonists to treat dystonia may appear somewhat paradoxical, but in
fact, this highlights the diverse etiology and associated difficulty in identifying appropriate
treatment for patients.

Various other small molecule medications show some efficacy in treating dystonia (for a
review see Cloud and Jinnah 2010, Thenganatt and Jankovic 2014, Jinnah and Factor 2015). For
example, benzodiazepines, which function by enhancing inhibitory yy-aminobutyric acid (GABA)
activity and are commonly used to treat anxiety, can also be effective in treating dystonia.
Muscle relaxants can be used to address pain associated with muscle spasms. Baclofen, a GABA
receptor agonist, can also be used to treat dystonia (Greene and Fahn 1992). Potential side effects
of baclofen include sedation, dizziness, and hypotonia, and abrupt discontinuation of baclofen
can result in withdrawal seizures. These side effects are exacerbated by the large doses necessary
for oral administration. Intrathecal pumps, which deliver baclofen directly to the cerebrospinal
fluid, and more recently intraventricular administration, which delivers baclofen directly to the
brain via the lateral ventricle, may reduce the doses required and the associated side effects
(Brennan and Whittle 2008, Turner, Nguyen et al. 2012). However, these routes of
administration also incur additional drawbacks including risks of infection and withdrawal due to

pump failure.

1.4.3. Surgical procedures
In addition to delivering drugs (i.e. intraventricular baclofen), surgical procedures can be used as

last resort for the treatment of dystonia (for a review see Cloud and Jinnah 2010, Thenganatt and



Jankovic 2014, Jinnah and Factor 2015). Ablating the parts of the ventral motor thalamus
(thalamotomy) or the internal globus pallidus (pallidotomy) can alleviate dystonia, which
supports the involvement of these brain areas in dystonia. Ablative procedures, or surgical
lesioning, are imprecise and irreversible and accordingly have largely been replaced with deep
brain stimulation (DBS), also termed neuromodulation. Neuromodulation involves modulation of
brain activity by an implanted electrical impulse generator (Jinnah and Factor 2015). The internal
segment of the globus pallidus, the primary output structure of the basal ganglia, is the most
common target of neuromodulation in dystonia (for a review see Ostrem and Starr 2008). In
addition to neuromodulation, peripheral denervation is also utilized as a last resort in patients
with cervical dystonia (Ravindran, Ganesh Kumar et al. 2019). While these last resort measures
can be effective, the use of such procedures may also be limited by patients’ overall health and
access to procedures, whether due to financial reasons or the availability of highly trained

neurosurgeons (Warnke 2015).

1.5. Etiology

The limited effectiveness of current treatment options highlights the etiological heterogeneity of
dystonia and our incomplete understanding of underlying pathomechanisms. For example, there
are more than 200 genes associated with dystonia (Lohmann and Klein 2017). These genetic
alterations can follow dominant, recessive, X-linked, or mitochondrial patterns of inheritance
(Albanese, Bhatia et al. 2013, Balint and Bhatia 2015, Jinnah and Hess 2018) and are involved in
diverse biological processes (Lohmann and Klein 2017, Siokas, Aloizou et al. 2018, Jinnah and
Sun 2019). For example, pathogenic variants in TORIA, which encodes the protein, torsinA, a

member of the AAA+ protein family (Hanson and Whiteheart 2005), causes nuclear envelope



abnormalities (Goodchild and Dauer 2004) and is associated with an early-onset isolated
dystonia (Ozelius, Hewett et al. 1997, Klein 2014). Mutations in genes associated with dopamine
biosynthesis have also been extensively studied (Jinnah and Hess 2018, Siokas, Aloizou et al.
2018). Dystonia can also be acquired as a result of infections, exposure to certain drugs and
chemicals, and physical trauma (Jinnah and Hess 2018). Acquired, inherited, and idiopathic
dystonias have led to the identification of some common etiologies, specifically, dopamine

signaling in the basal ganglia.

1.5.1. Brain areas involved in dystonia

However, basal ganglia abnormalities are not responsible for all dystonias. Brain imaging studies
of patients with dystonia reveal abnormalities in the cerebral cortex, basal ganglia, cerebellum,
thalamus, midbrain, and brainstem (for a review see Neychev, Gross et al. 2011). Additionally,
multiple lines of evidence support dysfunction of the cerebellum in dystonia (for a review, see
Shakkottai, Batla et al. 2017). There are a number of genes causative for dystonia related to
dysfunction of the cerebellum (Nibbeling, Delnooz et al. 2017). Studies of animal models of
dystonia have also been instrumental in showing cerebellar dysfunction is integral in the
expression of dystonia. Cerebellectomy abolishes dystonia in the DT rat model, in which a
naturally occurring autosomal recessive pathogenic variant causes spontaneous dystonia (Lorden,
McKeon et al. 1984, LeDoux 2011). Further, abnormal cerebellar metabolism has been identified
in a mouse model that recapitulates a pathogenic variant in TORIA, which, as discussed, in
humans is associated with an early-onset dystonia (Ozelius, Hewett et al. 1997, Zhao, Sharma et
al. 2011, Klein 2014). Microinjection of low doses of kainic acid, a glutamate receptor agonist,

in the cerebellar vermis induces dystonia in mice (Pizoli, Jinnah et al. 2002). Basal ganglia and
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cerebellar outputs also interact in a number of ways, for example, at the level of cortical motor
areas (for a review, see Shakkottai, Batla et al. 2017). Abnormal activity in the cerebellum may
therefore alter basal ganglia function or vice versa. Together, these data support a role for
abnormal cerebellar signaling in dystonia.

Dystonia may also be viewed as a disorder of the motor network (Jinnah, Neychev et al.
2017). In addition to dysfunction occurring in one of the aforementioned brain areas, abnormal
communication between brain regions can also cause dystonia (Prudente, Hess et al. 2014).
Further, the affected pathways may differ according to type of dystonia (Neychev, Gross et al.
2011). Nonetheless, a large body of evidence from many forms of dystonia supports a role for

dopamine signaling in the basal ganglia.

1.5.2. Evidence supporting basal ganglia dysfunction in dystonia
Historically, dystonia has been viewed as a disorder of the basal ganglia. Even prior to
Oppenheim’s coining of the term dystonia, the basal ganglia were associated with movement
disorders. In 1890, Hammond described pathology of the basal ganglia in an individual with
athetosis, an abnormal movement disorder that historically overlapped with dystonia (Hammond
1890, Neychev, Gross et al. 2011). In the 1940s, Herz published a seminal paper that helped
reestablish dystonia as a neurological disorder (Herz 1944c, Klein and Fahn 2013). In the paper,
Herz proposed an underlying pathology of dystonia, which included abnormalities in basal
ganglia regions. Multiple lines of evidence from more modern studies also support the role of the
basal ganglia in dystonia.

While the incidence of overt neurological damage in dystonia is rare, dystonia has been

observed after lesions, or structural damage, to the basal ganglia and related circuitry (Bhatia and
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Marsden 1994). Moldy sugarcane poisoning in children in China is one such example. Children
with moldy sugarcane poisoning initially present with gastrointestinal symptoms and
noninflammatory encephalopathy, and notably, delayed-onset dystonia, which can persist for
years (He, Zhang et al. 1995, Raike, Jinnah et al. 2005). The main pathogen in moldy sugarcane,
Arthrinium spp., produces the neurotoxin 3-nitropropionic acid (3-NPA), which causes
degeneration of the basal ganglia. Lesions within the basal ganglia are, in fact, observed in
affected children (Liu, Luo et al. 1992, He, Zhang et al. 1995, Ming 1995). Further, a study using
computerized tomography (CT) scans of 28 patients presenting with focal or hemi-dystonia
identified neuropathology within the caudate nucleus, putamen, thalamus, or a combination of
these structures, which comprise the basal ganglia and related circuitry (Marsden, Obeso et al.
1985). More subtle dysregulations in the basal ganglia have been identified by sophisticated
imaging techniques including voxel-based morphometry (VBM), [*F]-fluorodeoxyglucose
positron-emission tomography (FDG-PET), and functional magnetic resonance imaging (fMRI)
to list a few (for a review see Lehericy, Tijssen et al. 2013, Jinnah, Neychev et al. 2017). As
briefly discussed, treatments targeting the basal ganglia are effective in individuals with
dystonia. In fact, neuromodulation of the internal segment of the globus pallidus, which
comprises the primary output nuclei of the basal ganglia, is effective in individuals with both

acquired and inherited dystonias (Damier, Thobois et al. 2007, Ostrem and Starr 2008).

1.5.3. Evidence supporting dopamine signaling dysfunction in dystonia
Dopamine signaling, which modulates basal ganglia function, is implicated in dystonia. As
briefly discussed, dystonia can be observed in patients with Parkinson's disease, a hypokinetic

movement disorder caused by neurodegeneration of midbrain dopamine neurons and subsequent
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dopamine depletion in the basal ganglia (Jankovic and Tintner 2001). Symptoms of Parkinson's
disease include bradykinesia, akinesia, rigidity, postural abnormalities, and tremor (Bastide,
Meissner et al. 2015). A dystonic foot is often the first symptom of Parkinson's disease, and
blepharospasm and cervical dystonia may also be observed (Tolosa and Compta 2006).

Further, L-DOPA-induced motor complications occur in the vast majority of patients with
Parkinson’s disease who take L-DOPA, the “gold-standard’ treatment for the management of
parkinsonian symptoms (Bastide, Meissner et al. 2015, Rascol, Perez-Lloret et al. 2015). L-
DOPA-induced dyskinesia (LID) is the most debilitating of the motor sequelae that commonly
occurs after chronic L-DOPA use, and is characterized by abnormal involuntary movements. LID
includes peak-dose dyskinesia, which describes the abnormal involuntary movements that occur
when L-DOPA plasma concentrations peak. LID can also refer to the abnormal involuntary
movements that arise after L-DOPA concentrations subside; this is termed OFF period dystonia.
The pathomechanisms of the dystonia observed in LID involve states of both peak and low
dopamine levels; however, this paradoxical relationship nonetheless supports a role of
dysregulated dopamine neurotransmission in dystonia.

A number of pathogenic variants causative for dystonia involve genes associated with
dopamine biosynthesis (Jinnah and Hess 2018, Siokas, Aloizou et al. 2018). Briefly, dopamine
and other catecholamines, which include norepinephrine and epinephrine, are synthesized from
the amino acid tyrosine. Tyrosine is derived primarily from dietary sources and is converted to L-
3 4-dihydroxy-phenylalanine (L-DOPA) by tyrosine hydroxylase (TH), the rate-limiting enzyme
in catecholamine synthesis (Nagatsu, Levitt et al. 1964). TH requires several cofactors, including
tetrahydrobiopterin (BH4), iron, and molecular oxygen. L-DOPA is then decarboxylated by the

enzyme aromatic acid decarboxylase (AADC) to dopamine.
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In 1994, four independent pathogenic variants in the gene coding GTP cyclohydrolase 1
(GCHI), which is required for the synthesis of BH4, were reported (Ichinose, Ohye et al. 1994).
To date, over 100 different pathogenic variants in GCHI coding and noncoding regions have
been identified (Klein 2014, Lohmann and Klein 2017). Pathogenic variants in GCHI result in
childhood onset dystonia characterized by a diurnal pattern of symptoms, in which symptoms are
partially alleviated in the morning and worsen throughout the course of the day (Ichinose, Ohye
etal. 1994).In 1971, Segawa and colleagues originally discovered this presentation of dystonia,
often referred to as Segawa disease, and observed a drastic reduction in symptoms after
administration of low-doses of L-DOPA (Segawa 2011), which had suggested the underlying
cause was related to catecholamine synthesis dysfunction. The term DOPA-responsive dystonia
was ultimately adopted to describe patients with dystonia resulting from heterogeneous
etiologies that all respond to L-DOPA and often exhibit a similar phenotype as observed in
Segawa disease (for a review see Wijemanne and Jankovic 2015). For example, in 1995, a
substitution in TH that causes autosomal recessive DOPA-responsive dystonia was discovered in
two siblings (Knappskog, Flatmark et al. 1995). This pathogenic variant (p.381Q>K) resulted in
reduced TH protein stability and an ~85% reduction in enzymatic activity (Knappskog, Flatmark
et al. 1995).

Further, dystonia is observed as a prominent feature in other disorders in which
presynaptic dopamine regulation is abnormal. Abnormalities in dopamine nerve terminals and
cell bodies are observed in Lesch-Nyhan disease, an inherited disease caused by pathogenic
variants affecting purine synthesis (Nyhan, O'Neill et al. 1993, Ernst, Zametkin et al. 1996,
Gottle, Prudente et al. 2014). Lesch-Nyhan disease is a multisystem disease, and the clinical

presentation consists of a number of severe neurological symptoms, including dystonia (Nyhan,
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O'Neill et al. 1993). Children with hereditary dopamine transporter deficiency syndrome, which
is caused by pathogenic variants in the gene encoding the dopamine transporter, display
diminished dopamine reuptake and increased dopamine metabolites in cerebrospinal fluid, which
may ultimately result in subsequent downregulation or desensitization of postsynaptic dopamine
receptors. Clinically, dopamine transporter deficiency syndrome is characterized by dystonic,
hypokinetic, parkinsonian, and pyramidal tract features (Kurian, Li et al. 2011).

Multiple studies also directly support postsynaptic dopamine dysfunction in many forms
of dystonia. Drug-induced dystonia, or tardive dyskinesia, can occur as a result of treatment with
typical antipsychotics, which antagonize D2Rs. In 1952, chlorpromazine was serendipitously
shown to be effective in treating psychosis, and two years later drug-induced side effects
including dystonia, parkinsonism, akathisia, were reported (Shen 1999). There is not a clear
understanding of how these motor symptoms develop after chronic (Sethi, Hess et al. 1990), and
more rarely acute (Mehta, Morgan et al. 2015), administration of typical antipsychotics, but
given their antagonism of D2Rs (Laruelle, Frankle et al. 2005), dysregulations related to D2R-
mediated signaling are likely involved (Prosser, Pruthi et al. 1989, Seeman, Weinshenker et al.
2005). Further, reduced striatal D2R availability is observed in writer’s cramp (Berman, Hallett
et al. 2013), blepharospasm (Horie, Suzuki et al. 2009), torticollis (Naumann, Pirker et al. 1998),
and carriers of TOR1A pathogenic variants (Asanuma, Ma et al. 2005, Klein 2014). Increased
striatal D1R availability is also associated with writer’s cramp and laryngeal dystonia
(Simonyan, Cho et al. 2017).

Evidence from multiple studies supports abnormalities in dopamine neurotransmission,
including postsynaptic dopamine-mediated signaling, as a common underlying mechanism

across diverse dystonias (Wichmann 2008). Postsynaptic dopamine-mediated signaling in the
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basal ganglia is well characterized, and understanding the precise nature of dysfunction could
lead to the development of drugs that target a common underlying pathology. This would
facilitate the ultimate goal of developing novel therapeutics for dystonias that involve dopamine

dysfunction for which current treatment options are limited.

1.6. Anatomy of the basal ganglia

The basal ganglia are involved in the execution of movement and motor learning and were first
described by Thomas Willis in the 1600s (Sarikcioglu, Altun et al. 2008). The basal ganglia
receive and process information from the cortex and project information back to the cortex via
the thalamus. The basal ganglia are in fact not ganglia, but are a group of interconnected
subcortical nuclei located within the basal regions of the cerebrum (Sarikcioglu, Altun et al.
2008). Individual basal ganglia nuclei include the striatum, globus pallidus, and the subthalamic
nucleus (STN, DeLong and Wichmann 2010).

The striatum, named for the striated or striped appearance of interspersed grey and white
matter, is the primary input nucleus of the basal ganglia. The striatum is comprised of ventral and
dorsal divisions. The ventral striatum, or the nucleus accumbens (NAc), plays a central role in
reward circuitry. The dorsal striatum consists of the caudate nucleus and the putamen. In humans
these are distinct structures, but in rodents, the caudate nucleus and putamen are joined in a
single structure, the caudoputamen (Grillner and Robertson 2016). The caudal putamen in
humans, and the dorsolateral caudoputamen in rodents, is predominantly involved in motor
control.

The striatum receives glutamatergic input from the entire cortex, which forms segregated

anatomical and functional circuits between the cortex and striatum (McGeorge and Faull 1989,
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Hintiryan, Foster et al. 2016, Hunnicutt, Jongbloets et al. 2016). Excitatory glutamatergic inputs
also arise from the thalamus, preferentially from the intralaminar nuclei (Smith, Raju et al.
2004), and to a lesser extent from the STN (Gonzales and Smith 2015). Interneurons make up
approximately 5-10% of striatal neurons and include GABAergic interneurons and large, aspiny
cholinergic interneurons (Tepper and Bolam 2004, Gonzales and Smith 2015).

The primary output neurons of the striatum are medium spiny neurons (MSNs) or spiny
projection neurons, which are named for the dense spinous morphology of their dendrites
(Wilson and Groves 1980). MSNs are inhibitory, GABA producing projection neurons. In
rodents, MSNs compose 90-95% of neurons in the striatum (Kemp and Powell 1971, Keefe and
Gerfen 1995, Gerfen and Surmeier 2011). Two distinct, approximately equal subpopulations of
MSNss give rise to the direct and indirect pathways of the basal ganglia (Graybiel 2000, Gerfen
and Surmeier 2011). Direct pathway MSNs form monosynaptic projections the substantia nigra
pars reticulata (SNr), and the internal segment of the globus pallidus (GPi1), which correspond to
the rodent endopenduncular nucleus (EPN). Activation of the direct pathway facilitates the
cortico-basal ganglia-thalamic transmission (DeLong and Wichmann 2010). As the name
implies, indirect pathway MSNs indirectly project to the SNr/GPi (EPN), via the external
segment of the globus pallidus (GPe), which corresponds to the rodent globus pallidus, and the
STN. Activation of the indirect pathway results in inhibition of cortico-basal ganglia-thalamic
transmission (DeLLong and Wichmann 2010). There are also glutamatergic projections from the
cerebral cortex that bypass the striatum and directly project to the STN, termed the hyper-direct
pathway (Nambu, Tokuno et al. 2002). Selective optogenetic stimulation of direct pathway
MSNs does increase movement, while stimulation of indirect pathway MSNs inhibits movement

in mice (Kravitz, Freeze et al. 2010). However, the basal ganglia output and behavior is more
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complex than this classic model suggests, and in fact, concurrent activation of direct and indirect
pathways MSNs has been shown to precede initiation of movement in mice (Cui, Jun et al.

2013).

1.7. Dopamine signaling in the striatum
In addition to these projection pathways, direct and indirect MSN’s can be differentiated based on
neuropeptide and dopamine receptor expression. Direct pathway MSNs express substance P,
dynorphin, and D1Rs, whereas indirect pathway MSNs express enkephalin and D2Rs (Gerfen,
Engber et al. 1990), and only a small percentage of MSNs co-express D1Rs and D2Rs (Bertran-
Gonzalez, Herve et al. 2010). Dopamine exerts opposite effects on D1Rs and D2Rs, thereby
increasing the activity of the direct pathway and decreasing the activity of the indirect pathway
(Mink and Thach 1993, Surmeier, Ding et al. 2007). Excitatory cortical inputs to the striatum are
regulated by dopamine, and dendritic spines are the main site of interaction between
glutamatergic and dopaminergic inputs to the striatum (Gerfen and Surmeier 2011).
Dopaminergic projections from the substantia nigra pars compacta (SNc, Peterson, Sejnowski et
al. 2010) modulate MSNs within the dorsal striatum, while dopaminergic projections from the
ventral tegmental area (VTA) modulate MSNs within the ventral striatum (Gangarossa,
Espallergues et al. 2013).

Dopamine exerts its effects by binding to five dopamine receptor subtypes (D1R-D5R).
While mRNA for all five receptor subtypes are expressed in the striatum, D1Rs and D2Rs are the
most abundant (Boyson, McGonigle et al. 1986, Araki, Sims et al. 2007), with D2Rs exhibiting a
greater affinity for dopamine than D1Rs (Richfield, Penney et al. 1989). D2R autoreceptors

expressed on presynaptic dopaminergic terminals regulate dopamine synthesis and release (Ford
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2014). All dopamine receptor subtypes belong to the superfamily of seven-transmembrane G
protein-coupled receptors (GPCRs) and exert intracellular effects through second messenger

signaling via G protein coupling.
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Figure 1.1. Schematic of the functional anatomy of the basal ganglia. Two distinct subpopulations of
MSNss give rise to the direct and indirect output pathways of the basal ganglia. DIR-MSNs are segregated
within the direct pathway. This pathway facilitates cortico-basal ganglia-thalamic transmission via

disinhibition of the thalamus and promotes motor movement. D2R-MSNs are segregated within the
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indirect pathway. Activation of the indirect pathways inhibits cortico-basal ganglia-thalamic transmission

and reduces locomotor activity.

G proteins, or guanine nucleotide-binding proteins, are GTPases that function as
molecular switches, transmitting extracellular signals to intracellular downstream signaling
molecules, or effector proteins. G proteins are heterotrimeric, consisting of a, 3, and y subunits,
and are active when bound to guanosine triphosphate (GTP) and are inactive when bound to
guanosine diphosphate (GDP, Marinissen and Gutkind 2001). When bound by the associated
neurotransmitter, GPCRs catalyze the exchange of G protein-bound GDP to GTP (Bos, Rehmann
et al. 2007). The first G protein was discovered for its role as a stimulatory regulator of
adenylate, or adenylyl, cyclase and was accordingly termed Gas (Jiang and Bajpayee 2009).
Adenylate cyclase is an enzyme necessary for the synthesis of cyclic AMP (cAMP), which was
discovered by Earl Sutherland as a second messenger in epinephrine-mediated signaling
(Blumenthal 2012). The family of G proteins that inhibit adenylate cyclase consists of Gai
(Katada and Ui 1982, Jiang and Bajpayee 2009) and an additional form of Gai, termed Gao, or
“other” (Neer, Lok et al. 1984, Sternweis and Robishaw 1984, Jiang and Bajpayee 2009).

Dopamine receptors can be categorized into two groups, D1-like receptors and D2-like
receptors, on the basis of second messenger signaling via G protein coupling (Sibley and
Monsma 1992, Vallone, Picetti et al. 2000, Xie and Martemyanov 2011). D1-like dopamine
receptors, which includes D1Rs and D5Rs, couple to Gas, and the related Gaolf, and stimulate
adenylate cyclase, which promotes the subsequent production of cAMP (Herve, Levi-Strauss et
al. 1993, Neve, Seamans et al. 2004). In the striatum, expression of Gaolf, an isoform of Gas,
predominates over Gas (Largent, Jones et al. 1988). Goolf was originally discovered in olfactory

epithelium and stimulates adenylate cyclase type 5 (Herve 2011). In contrast, D2-like dopamine
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receptors, which includes D2Rs, D3Rs, and D4Rs, couple to the Gai/o family and inhibit
adenylate cyclase and subsequent cAMP production (Bonci and Hopf 2005).

Dopamine receptors can activate various signaling pathways (Hernandez-Lopez, Tkatch
et al. 2000, Jin, Goswami et al. 2003, Rashid, So et al. 2007). For example, GTP binding to the o
subunit causes dissociation from the By complex, and the free By complex can modulate G
protein signaling and activate unique signal transduction pathways (Smrcka 2008).
Neurotransmitter binding also initiates G protein-independent signaling pathways including
GPCR binding of 3-arrestins, which are adaptor proteins. B-arrestins are involved in GPCR
desensitization and internalization and can also activate unique signal transduction pathways
(Lefkowitz and Shenoy 2005, Smith and Rajagopal 2016, Rose, Pack et al. 2018). However, the
signaling pathways downstream of dopamine-mediated stimulation or inhibition of cAMP are
well characterized and are the principal, or canonical, mode of action (Vallone, Picetti et al.

2000).

1.7.1. Second messenger-dependent protein phosphorylation signaling

Dopamine exerts opposite effects on cAMP signaling in D1R- and D2R-MSNs. Activation of
D1-like receptors stimulates adenylate cyclase and subsequent cAMP, whereas activation of D2-
like receptors inhibits adenylate cyclase and subsequent cAMP production (Figure 1.2, Xie and
Martemyanov 2011). Regulation of protein phosphorylation is the mechanism by which cAMP,
and second messengers in general, exert their effects. The major target of cAMP is the cAMP-
dependent protein kinase A (PKA), a serine-threonine kinase. In general, protein kinases add
phosphate groups to specific amino acid residues, and these large, negatively charged phosphate

groups alter the function of a protein by altering its charge and conformation.
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Figure 1.2. Dopamine-mediated second messenger signaling in MSNs. When neurotransmitters,
including dopamine (DA), activate GPCRs, the o subunit undergoes a conformational change resulting in
release of GDP and subsequent GTP binding to the a subunit. The a subunit then disassociates, and the
free o subunit bound to GTP can regulate adenylate cyclase, the enzyme that catalyzes cAMP production.
In MSNs, D1Rs couple to Goolf, and, when bound by dopamine, stimulate adenylate cyclase type 5
(ACS5). D2Rs couple to Gai/o, and, when bound by dopamine, inhibit AC5. Adenylate cyclase catalyzes
the synthesis of cAMP. Two molecules of cAMP bind to each regulatory subunit of PKA causing
subsequent dissociation and activation of the catalytic subunit. Activated PKA can then phosphorylate

downstream substrate proteins.

PKA-mediated signaling can be regulated in a number of ways. For example, PKA-
mediated signaling can be limited by phosphodiesterases (PDEs), which are enzymes that break
down cyclic nucleotides, including cAMP. Inhibitors of specific PDE isoforms, including
PDE10A, which is enriched in the striatum, have demonstrated the role of specific PDE isoforms

in mediating striatal signaling (Threlfell and West 2013). The effects of PKA can be amplified
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by the dopamine and cAMP regulated phosphoprotein of Mr 32 kDa (DARPP-32, Walaas,
Aswad et al. 1983, Fienberg, Hiroi et al. 1998, Svenningsson, Nishi et al. 2004, Cahill, Salery et
al. 2014). DARPP-32 amplifies the effects of PKA via inhibition of protein phosphatase 1 (PP1),
a serine-threonine phosphatase that reverses the actions of PKA. DARPP-32 has various
residues, and phosphorylation by PKA at a specific threonine residue (Thr34) converts DARPP-
32 into a potent inhibitor of PP1 (Hemmings, Greengard et al. 1984, Svenningsson, Lindskog et
al. 1998).

PKA alters cellular responses through phosphorylation of various target proteins.
Activated PKA can phosphorylate substrate proteins that serve as third messengers or can
regulate the gating and trafficking of ion channels. One example of the latter involves dopamine
mediated glutamatergic signaling (Surmeier, Ding et al. 2007). PKA phosphorylation of the
glutamatergic NMDA-type inotropic receptor (NMDAR), which is named for its affinity for the
synthetic agonist, N-methyl-D-aspartate (NMDA), alters receptor calcium permeability and
subsequent changes in synaptic strength (Skeberdis, Chevaleyre et al. 2006, Traynelis, Wollmuth

et al. 2010).

1.7.2. Transcriptional regulation

Through passive diffusion into the nucleus, activated PKA can also regulate gene transcription
(Yapo, Nair et al. 2018). Changes in gene transcription are necessary to maintain long-term
cellular adaptations in response to altered extracellular stimuli and altered intracellular signaling
(Matamales and Girault 2011). In general, activated PKA can regulate neuronal gene
transcription via transcriptional regulation of immediate early genes, which regulate neuronal

activity. Specifically, activated PKA can translocate to the nucleus and phosphorylate the cAMP
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response element binding protein (CREB) family of transcription factors. CREB is constitutively
expressed and bound by the cAMP response element (CRE), which is present in a number of
genes, including the immediate early gene c-Fos. Phosphorylation of CREB at a specific serine
residue (Ser133) is necessary for transcription, and multiple signaling cascades converge on
Ser133 to regulate transcription. Unlike CREB, which is constitutively expressed, basal c-Fos
expression is low and activation requires de novo transcription and translation. CREB activation
is therefore necessary for regulation of immediate early genes. For example, CREB
phosphorylation via D1R-mediated activation of PKA has been shown to mediate amphetamine-
induced cellular alterations (Konradi, Cole et al. 1994). Immediate early genes encode proteins
that compose a transcription factor termed activator protein-1 (AP-1), which serves as key
regulator of neuronal gene expression. AP-1 consists of Fos (i.e. c-Fos) and Jun proteins, which
when assembled bind their cognate regulatory sequence, the AP-1 sequence, as hetero- or
homodimers. Expression of immediate early genes, including c-Fos, can then serve as reporters

of neuronal activity given their rapid activation.

1.8. Abnormal postsynaptic dopamine-mediated signaling pathways in dystonia

Until recently, it was not possible to study abnormal postsynaptic striatal dopamine-mediated
signaling pathways in dystonia because suitable animal models that exhibit dystonia caused by
dysfunction in dopamine neurotransmission were not available. However, studies in a recently
developed mouse model of DOPA-responsive dystonia, Th™'*"** mice, have identified specific
abnormalities in dopamine-mediated signaling implicated in dystonia (Rose, Yu et al. 2015).
Th™'# mice, termed DRD mice, are the first well-studied model of dystonia with construct,

face, and predictive validity. If a mouse model satisfies the criterion of construct validity, then
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the causative factor of the model mimics the etiology of the human condition. Face validity
refers to whether the animal model resembles the presentation of the human condition. Predictive
validity can be established when treatments that are effective in the model are also effective in
humans or when treatments known to be effective in humans are shown to be effective in the
model (Geyer and Markou 1995, Jinnah, Hess et al. 2005).

DRD mice are a knock-in mouse model that recapitulates the substitution in 7TH
(p-381Q>K; c.1141C>A) that causes autosomal recessive DOPA-responsive dystonia
(Knappskog, Flatmark et al. 1995). DRD mice are homozygous for the p.381Q>K substitution
and thus truly model the genetic etiology of DOPA-responsive dystonia identified in humans.
Reduced TH protein content and activity is observed in DRD mice and dopamine levels in the
striatum are less than 1% of normal. DRD mice are unique in that they display overt abnormal
involuntary movements that increase during the active period, consistent with patients’
symptoms worsening throughout the day (Rose, Yu et al. 2015). Treatments that are effective in
alleviating dystonia in humans, notably L-DOPA and THP, alleviate the abnormal movements in
DRD mice. Peripheral administration, as well as microinjections of L-DOPA directly into the
striatum, ameliorates the dystonia. Cerebellar microinjections of L-DOPA had no effect on
abnormal movements, which suggests L-DOPA exerts its therapeutic effects via regulation of
striatal dopamine-mediated signaling.

In regards to abnormal postsynaptic dopamine-mediated signaling, DRD mice exhibit
supersensitive striatal adenylate cyclase activation in response to D1R-activation, and a
corresponding behavioral supersensitivity (Rose, Yu et al. 2015). Activation of D2Rs, which
inhibits locomotor activity in normal mice, increased locomotor activity and failed to inhibit

striatal adenylate cyclase signaling in DRD mice (Rose, Yu et al. 2015). While these results
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highlight postsynaptic dopamine-mediated signaling abnormalities in dystonia, the specific
abnormalities that underlie dystonia are still unknown.

In DRD mice, the chronic dopamine deficit that occurs throughout development is
associated with dystonia; therefore, dysregulated postsynaptic dopamine-mediated signaling
pathways following chronic dopamine depletion observed in other animal models may inform
our understanding of how these pathways are dysregulated in dystonia. The effects of dopamine
deficiency on postsynaptic dopamine-mediated signaling in a rodent 6-hydroxydopamine (6-
OHDA )-lesion model of Parkinson’s disease have been particularly well characterized. 6-OHDA
is a neurotoxin that causes degeneration of nigral dopamine neurons, which mimics the
underlying etiology of Parkinson’s disease in humans. Adult rodents given 6-OHDA lesions
develop the typical motor features of Parkinson’s disease including akinesia, rigidity, tremor, and
postural abnormalities. Abnormal postsynaptic dopamine-mediated signaling has also been
studied in dopamine-deficient (DD) mice. DD mice do not have dystonia but model early life
dopamine depletion (Zhou and Palmiter 1995, Kim, Szczypka et al. 2000). Specifically, Th
knockout mice were first generated in 1995, but these mice died prior to birth (Zhou, Quaife et
al. 1995) due to cardiac failure associated with the noradrenergic deficiency secondary to TH
depletion (Thomas, Matsumoto et al. 1995). Targeting 7h to one allele of the Dbh promoter
enabled catecholamine synthesis to be restricted to noradrenergic neurons, or those expressing
DBH. This recued the noradrenergic deficiency and associated cardiac failure (Zhou and
Palmiter 1995). The mice, termed dopamine-deficient, or DD mice, mice survive to birth;
however, a few weeks after birth, these mice become severely hypoactive and hypophagic and

die without daily administration of L-DOPA (Zhou and Palmiter 1995). This genetic etiology
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does not precisely mimic 7H mutations observed in humans; however, it does recapitulate early
life dopamine depletion, which is a core feature of DOPA-responsive dystonia.

In both the 6-OHDA-lesioned rodent model (Gerfen, Keefe et al. 1995, Berke, Paletzki et
al. 1998, Gerfen, Miyachi et al. 2002) and the DD mouse model (Kim, Szczypka et al. 2000),
DI1R-mediated expression of c-Fos is abnormally elevated. Administration of a partial D1R
agonist or a low dose of a full DIR agonist induces c-Fos in the dopamine-depleted, but not the
normal, striatum (Gerfen, Miyachi et al. 2002). In rodents with intact dopamine systems, the
expression of immediate early genes in the striatum, specifically c-Fos, occurs only after
administration of high doses of a full DIR agonist (Gerfen, Miyachi et al. 2002), administration
of psychostimulants such as cocaine (Valjent, Corvol et al. 2000), or direct stimulation of the
nigrostriatal dopamine pathway (Gerfen, Miyachi et al. 2002).

In DD and 6-OHDA-lesioned animals, extracellular signal-regulated kinase (ERK)
phosphorylation is also abnormal. ERK is phosphorylated (p-ERK) via D1R-activation in the
dorsal striatum of DD and 6-OHDA-lesioned animals, whereas D1R-activation does not induce
p-ERK in the dorsal striatum of rodents with intact dopamine systems (Kim, Szczypka et al.
2000, Gerfen, Miyachi et al. 2002, Kim, Palmiter et al. 2006). Previous work also demonstrates
that D2R-activation inhibited p-ERK induction, and that antagonism of D2Rs induced p-ERK in
D2R-MSNs in the dopamine-intact, but not the dopamine-depleted, striatum of 6-OHDA rats
(Gerfen, Miyachi et al. 2002).

ERK is phosphorylated via the mitogen-activated protein kinase (MAPK) cascade, which
consists of four levels of signaling proteins. First, small GTPases, including Ras, function in the
same manner as other GTPases (i.e. G-proteins) and serve as molecular switches to transmit and

amplify extracellular signals to downstream signaling events. Ras activates MAPK kinase kinase
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(Raf-1 or MEKK), which in turn phosphorylates and activates the downstream MAPK kinase
(MEK), which subsequently phosphorylates and activates MAPK, which is synonymous with
ERK (Wang, Fibuch et al. 2007, Kim and Choi 2010). MEKs are dual-function kinases, and
phosphorylate both the threonine and tyrosine residues required to activate ERK (Dhanasekaran
and Premkumar Reddy 1998, Girault, Valjent et al. 2007). In proliferative cells, MAPK signaling
generally functions to mediate cellular growth, differentiation, and survival (for a review see
Pearson, Robinson et al. 2001). In neurons, ERK is activated via a unique, calcium-dependent
mechanism that is yet to be fully elucidated (Thomas and Huganir 2004). Once activated, p-ERK
can exert many downstream effects, which can ultimately alter cellular excitability and regulate
gene transcription (Thomas and Huganir 2004).

Despite the chronic dopamine deficiency and associated dysregulated postsynaptic
dopamine-mediated signaling responses, dystonia is not observed in either 6-OHDA-lesioned or
DD animals. The timing and extent of striatal dopaminergic loss are likely relevant factors for
the development of dystonia. Only rodents given 6-OHDA lesions as adults exhibit a
parkinsonian phenotype, whereas neonates lesioned with 6-OHDA that have comparable
dopamine loss exhibit hyperactivity (Ungerstedt 1971, Shaywitz, Yager et al. 1976, Breese,
Baumeister et al. 1984). In DRD and DD mice, dopamine loss occurs throughout development;
however, unlike DD mice, dopamine levels in DRD mice are low, but not abolished (Zhou and
Palmiter 1995, Rose, Yu et al. 2015). Typically patients with GCH1 deficiency develop DRD
when they are ten years old; however, patients who have an age of onset of over 20 years old can
exhibit parkinsonian symptoms (Tadic, Kasten et al. 2012). This example further supports the
importance of the timing of dopamine loss in the development of dystonia. The fact that a

dystonic foot is observed in the early stages of Parkinson’s disease, when there is only moderate
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dopaminergic degeneration (Tolosa and Compta 2006), also supports that the extent of dopamine
loss is an important factor. Ultimately, these factors likely contribute to the development of
specific abnormalities in postsynaptic dopamine-mediated signaling pathways that may lead to

the development of dystonia.

1.9. Overall objective
The DRD mouse model allows for the identification of the precise nature of the striatal
dysfunction that may distinguish dystonia from other abnormal motor phenotypes. Given the
potentiated adenylate cyclase response to D1R-activation and the absence of adenylate cyclase
inhibition in response to D2R-activation in DRD mice, we sought to further determine the
specific striatal abnormalities that underlie dystonia by examining both postsynaptic dopamine-
mediated signaling and the striatal proteome. More specifically, in normal and DRD mice I
examined alterations in dopamine-mediated regulation of

1) PKA, the main target of canonical cAMP-mediated signaling,

2) ERK phosphorylation, which may reflect aberrant signaling, and

3) c-Fos expression, a marker of transcriptional regulation (Figure 1.3).
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Figure 1.3. Schematic of postsynaptic dopamine signaling in the striatum. In the normal mouse
striatum, when dopamine binds to D1Rs, it stimulates Goolf, which acts as a molecular switch, and
stimulates adenylate cyclase (AC). Adenylate cyclase promotes the subsequent production of cAMP. The
major target of cCAMP is PKA. PKA alters cellular responses through phosphorylation of various target
proteins. PKA can regulate changes in gene transcription and PKA can also indirectly facilitate the
phosphorylation of ERK. When phosphorylated, ERK can alter cell excitability and regulate gene
transcription. In contrast, when dopamine binds to D2Rs, it stimulates Gai/o, which inhibits adenylate

cyclase -mediated signaling.
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Chapter 2: A novel method using QuPath to automate counts of immunoreactive cells and

define striatal regions

2.1. Abstract

Dopamine-mediated signal transduction pathways are differentially regulated throughout regions
of the striatum. However, the striatum, which is organized in a somatotopic manner, lacks
obvious anatomical boundaries that can serve as landmarks for consistent section-to-section
quantitation, and previous methods for overcoming this limitation are imperfect. Therefore, to
rigorously and reproducibly quantify cells immunostained for signaling proteins within the
striatum, a novel method to automate counts of immunoreactive cells and to define striatal
regions for analysis was developed using QuPath, an open source software for whole slide image

analysis.
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2.2. Introduction

Dopamine-mediated signal transduction pathways are differentially regulated throughout regions
of the striatum. For example, differential regulation of p-ERK has been reported in the dorsal and
ventral striatum of 6-OHDA-lesioned rodents. In the intact striatum, D1R-activation induces p-
ERK only in the ventral striatum, whereas in the dopamine-depleted striatum, p-ERK is induced
only in the dorsal striatum (Gerfen, Miyachi et al. 2002). Further, cocaine treatment results in
ERK phosphorylation in only a relatively small subset of MSNs in the dorsal striatum, but p-
ERK is induced in a large proportion of cells in the ventral striatum (Valjent, Corvol et al. 2000).

It is, perhaps, not surprising that the anatomical distribution of signaling cascades is not
uniform across the striatum given glutamatergic inputs to the striatum project in a somatotopic
manner forming segregated loops and distinct functional territories within the striatum
(Redgrave, Rodriguez et al. 2010, Hintiryan, Foster et al. 2016, Anderson, Krienen et al. 2018).
However, in general, the functional and somatotopic organization of the basal ganglia is less
obvious in rodents compared to humans (Shakkottai, Batla et al. 2017). The dorsolateral striatum
receives input from cortical sensorimotor regions and is responsible for habit formation, and the
dorsomedial striatum, which is responsible for cognitive function and goal-directed behavior,
receives input from cortical regions responsible for associative functions (Redgrave, Rodriguez
et al. 2010, Graybiel and Grafton 2015).

The somatotopic organization of the striatum, as well as evidence from these previous
studies, suggests that assessing regional differences in striatal signal transduction pathways may
be necessary to fully understand abnormal striatal signaling pathways. However, there are no
obvious observable anatomical boundaries separating dorsolateral and dorsomedial striatum and

previous methods of delineating striatal regions are either difficult to reproduce or are restricted
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to limited sample areas (Westin, Vercammen et al. 2007, Alcacer, Andreoli et al. 2017).
Therefore, I developed a novel workflow for automating counts of immunoreactive cells and
delineating striatal regions for analysis in a rigorous and reproducible way using QuPath (version
0.1.2), an open source software for whole slide image analysis (Bankhead, Loughrey et al. 2017).
Specifically, this methodology was developed to examine regional differences in cells
immunostained for markers of p-ERK, c-Fos, and PKA activity in the striatum of DRD mice
compared to normal mice.

To develop this novel approach for the analysis of striatal immunostaining, [ used a
mouse model that received a unilateral 6-OHDA lesion of the nigrostriatal dopaminergic
pathway. Abnormal striatal signaling, including p-ERK, c-Fos, and PKA activity, has been well
documented in this model (Gerfen, Keefe et al. 1995, Berke, Paletzki et al. 1998, Gerfen,
Miyachi et al. 2002, Alcacer, Andreoli et al. 2017), which facilitated the refinement of the cell
counting parameters. This approach is in line with more recent reports that highlight the
importance of assessing multiple striatal regions when determining mechanisms of

neurotransmitter signaling (Hintiryan, Foster et al. 2016, Yalcin-Cakmakli, Rose et al. 2018).

2.3. Methods

Mice. One male adult (4 month) mouse on a mixed C57BL/6J and DBA/2J background received
a unilateral injection of 20 mM 6-OHDA in 0.02% ascorbic acid in the medial forebrain bundle.
Specifically, 1 u1 was injected at the following coordinates (in millimeters relative to bregma,
sagittal suture, and dural surface): anterior-posterior = —1.2, lateral = —1.3, dorsoventral = —-4.75
(Heiman, Heilbut et al. 2014). Xueliang Fan, PhD, performed the lesion surgeries. Three weeks

post surgery, the 6-OHDA-lesioned mouse was subcutaneously injected with L-DOPA (20
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mg/kg) and benserazide (2.5 mg/kg, all from Sigma-Aldrich, St. Louis, MO) in 2.5 mg/ml

ascorbic acid in normal saline (0.9% NaCl)) and sacrificed 45 min later.

Immunohistochemistry. The 6-OHDA-lesioned mouse was deeply anesthetized with isoflurane
and perfused with a 4% ice-cold, buffered paraformaldehyde solution (pH 7.2). The brain was
rapidly removed and post fixed overnight in the perfusion solution at 4°C, transferred to 20%
buffered sucrose overnight, and then transferred to 30% buffered sucrose solution overnight at
4°C. The brain was stored at 4°C in 30% buffered sucrose until it was sectioned (30 um) in the
coronal plane using a freezing microtome. Free-floating sections were stored in a cryoprotective
solution at —20°C.

Striatal sections were immunostained for TH using the rabbit anti-tyrosine hydroxylase
(1:1,000; #P40101-0 Pel-Freez) primary antibody (Rose, Yu et al. 2015). Striatal sections were
immunostained for phosphorylated ERK1/2 using the phospho-(Thr202/Tyr204)-ERK1/2 rabbit
monoclonal (p-ERK; 1:5,000; #4370 Cell Signaling) primary antibody that detects ERK1/2 when
dually phosphorylated at Thr202 and Tyr204 of ERK1 (Thr185 and Tyr187 of ERK?2), and
singly phosphorylated at Thr202 (Gerfen, Miyachi et al. 2002). ERK1 and ERK2 (ERK1/2)
exhibit 90% homology, are well characterized, and are important for synaptic plasticity (Thomas
and Huganir 2004, Girault, Valjent et al. 2007). Striatal sections were immunostained for c-Fos
using the c-Fos rabbit polyclonal (1:20,000; PC38 EMD Millipore) primary antibody (Jinnah,
Egami et al. 2003). Striatal sections were immunostained for the phosphorylated PKA substrate
using the phospho-(Ser/Thr) PKA substrate rabbit polyclonal (p-PKA-sub; 1:5,000; #9621 Cell
Signaling) primary antibody. The p-PKA-sub antibody recognizes the phosphorylated PKA

substrate, phospho-serine/threonine residue with arginine at the -3 position, and has been
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validated as a marker of PKA signaling in mice (Sindreu, Scheiner et al. 2007, Alcacer, Andreoli
et al. 2017).

Floating sections were treated with 0.5% Triton-X in Tris-buffered saline (TBS) for 30
min and then blocked with 5% normal goat serum, 5% bovine serum albumin, 0.1 % bovine
gelatin, 0.05% Tween-80, and 0.01% sodium azide in TBS for two hrs. Floating sections were
then reacted for 16-24 hrs at 4°C with the primary antibody. Sections were then incubated for 2
hrs at 4°C with a biotinylated goat anti-rabbit IgG secondary antibody (1:800, Vector
Laboratories) in 5% normal goat serum in 0.1% Triton-X-100 in TBS. Sections were incubated
with avidin-biotin complex (Vector Labs, Burlingame, CA) for 1 h, and developed using a
peroxidase-based detection method and 3-3’-diaminobenzidine (DAB; Sigma-Aldrich, St. Louis,

MO) as the chromogen.

Imaging and software. One striatal section was selected for TH immunostaining and was
mounted on glass slides and imaged using an Olympus BX51 microscope with a 2X objective.
For p-ERK, c-Fos, and p-PKA-sub immunostaining, one striatal section was selected for each
antibody. Sections were mounted on glass slides and were digitized by the Emory Neuroscience
NINDS Core Facilities (ENNCF) Neuropathology Core using a slide scanner (Aperio AT2
Scanner; Leica Biosystems). QuPath was used to automate counts of immunoreactive cells and to

delineate striatal regions for analysis.

24. Results

2.4.1. Confirmation of 6-OHDA -lesion
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In order to confirm the loss of nigrostriatal dopamine fibers on the lesion side, striatal samples
from the 6-OHDA-lesioned mouse striatum were immunostained for TH. Qualitative assessment
of TH immunostaining revealed a reduction in TH immunostaining only on the lesion side,
which confirmed loss of dopamine fibers on the lesion side and demonstrated intact dopamine

fibers on the control side (Figure 2.1).

Control Lesion

1 mm

Figure 2.1. TH immunostaining. TH immunostaining was qualitatively decreased in the dorsal striatum

of the lesion compared to the control side.

2.4.2. Immunoreactive cell count automation

Consistent with previous literature, after L-DOPA treatment, an increase in p-ERK (Figure 2.1,
Gerfen, Miyachi et al. 2002) and c-Fos (Gerfen, Keefe et al. 1995, Berke, Paletzki et al. 1998,
Gerfen, Miyachi et al. 2002) immunoreactivity was observed in the dorsal striatum of the lesion
side compared to the control side. Increased p-PKA-sub immunoreactivity was also observed in
the dorsal striatum of the lesion compared to the control side. Therefore, the unilateral 6-OHDA-
lesioned striatal sections were used to optimize the cell counting parameters for p-ERK, c-Fos,

and p-PKA-sub immunostaining using QuPath.
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To quantify immunostained cells, first, background was adjusted for each image. QuPath
automatically sets the background to white; however, most slides vary slightly from this default
background. The ‘estimate stain vectors’ function within QuPath was used to set a background
equivalent to that of the corpus callosum to account for variation in background staining
intensities between the images. Further, detected cells occurring on a background greater than a
default maximum background intensity were excluded from final cell counts. The ‘positive cell
detection’ function was used to automate counts of immunoreactive cells. The counting
parameters for the ‘positive cell detection’ function were optimized for each primary antibody
(Table 2.1) to ensure the final parameters reliably identified the p-ERK, c-Fos, and p-PKA-sub
immunoreactivity observed within the striatum of the lesion side compared to the control side.
Within the ‘setup parameters’, ‘detection image’ was changed from ‘hematoxylin OD’ to ‘optical
density sum’ to reflect that DAB, not hematoxylin, was used for immunostaining. Within the
‘nucleus parameters’, the ‘minimum area’ and ‘maximum area’ were adjusted to approximate
MSN perikarya area to 30-100 xm” and to exclude large, cholinergic interneurons (Gagnon,
Petryszyn et al. 2017). Within ‘intensity parameters’, the ‘threshold” was adjusted to reflect the
intensity of immunostaining for each antibody.

Figure 2.2 shows representative images comparing detections of positive cell counts for
p-ERK immunoreactivity in dorsal striatum using original and refined parameters. The default
parameters show delineation of the nucleus and the cell body for the positive detections, whereas
the final cell counting parameters identify the entire positive cell (Figure 2. 2). To ensure that
cell counting was not affected by staining intensity, several different dilutions of primary
antibody were tested and did not considerably alter the positive cell counts from the dorsal

striatum of the lesion or control side (Table 2.2).
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Default Parameters

p-ERK Parameters

c-Fos Parameters

p-PKA-sub Parameters

Setup parameters
Choose detection image*
Requested pixel size (xm)
Nucleus parameters
Background radius (xm)
Median filter radius (zm)
Sigma (ym)

Minimum area (um?)*
Maximum area (um?)*
Intensity parameters
Threshold*

Max background intensity

Split by shape

Exclude DAB (membrane staining)

Cell parameters
Cell expansion (ym)*
Include cell nucleus*
General parameters
Smooth boundaries

Make measurements

Intensity threshold parameters

Score compartment™®
Threshold 1+*
Threshold 2+
Threshold 3+
Single threshold

Hematoxylin OD
05

15

400

0.1

ON

OFF

ON

ON
ON

Nucleus: DAB OD mean

0.2
04
0.6
ON

Optical density sum

05

15
30
100

0.25

ON
OFF

OFF

ON
ON

Nucleus: DAB OD max
0.2
04
0.6
ON

Optical density sum

05

15

30

100

0.15

ON

OFF

OFF

ON
ON

Nucleus: DAB OD max

0.1
04
0.6
ON

Optical density sum

05

1.5
20
100

OFF

OFF

ON
ON

Nucleus: DAB OD max
0.1
04
0.6
ON

*indicates a parameter that was adjusted from the default value
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Figure 2.2. Positive cell counts for p-ERK immunoreactivity in dorsal striatum. Representative
images from QuPath of p-ERK (1:5,000 dilution) immunostaining in the dorsal striatum of the lesion and
control side, illustrating the unprocessed image (baseline), the p-ERK-positive cells detected using the
default parameters in QuPath and p-ERK-positive cells detected after determining optimal detection

parameter (final parameters).

Table 2.2. Effect of p-ERK antibody dilution on positive cell counts

p-ERK antibody dilution

1:2,000 1:5,000 1:10,000
g
'z 15314 positive cells/mm? 1937.9 positive cells/mm? 1360.5 positive cells/mm?
-
=
E 50.2 positive cells/mm? 47 4 positive cells/mm? 16.6 positive cells/mm?
o
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2.4.3. Defining striatal regions

Striatal regions were defined using QuPath to develop a reproducible method for generating
regions of analysis in order to determine if signaling cascades were differentially affected across
the striatum. First, the entire striatum was outlined for each hemisphere using The Allen Mouse
Brain Atlas (Coronal) as a reference. The midpoint of each striatum was defined by QuPath by a
center x and y coordinate. Then, a line was drawn to connect the midpoint of the left with the
right striatum. This line defined the boundary between dorsal and ventral striatum. A line
perpendicular to the dorsal-ventral boundary was drawn from the center x,y coordinate of each
region to define a boundary between medial and lateral striatum (Figure 2.3). This protocol
ensured that the dorsomedial and dorsolateral regions would be parallel and perpendicular to the
midpoint of the striatum and that the ventral striatum would be parallel to the midpoint of the
striatum for every section analyzed. This novel workflow was utilized for all
immunohistochemical experiments assessing p-ERK, c-Fos, and p-PKA-sub immunoreactivity in

the DRD and normal mouse striatum.

Figure 2.3. Striatal regions. (A) Total striatum was subdivided into (B) dorsomedial (DM), dorsolateral

(DL), and ventral striatum.

2.5. Discussion
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A novel method to automate counts of immunoreactive cells and define striatal regions was
developed using QuPath. Refined cell counting parameters reliably detected the increased p-
ERK, c-Fos, and p-PKA-sub immunoreactivity observed within the dopamine-depleted
compared to the control striatum in mice with unilateral 6-OHDA-lesions. Further, a
reproducible method for generating dorsomedial, dorsolateral, and ventral striatal regions was
developed using QuPath. The relationship between dorsomedial, dorsolateral, and ventral
striatum to the total striatum is clearly defined, and employment of this protocol ensures that
striatal regions can be reliably demarcated between striatal sections.

This workflow overcomes previous limitations including the lack of obvious anatomical
boundaries within the striatum that can serve as landmarks for consistent quantitation of striatal
regions. Further, previous methods of delineating striatal regions are either difficult to reproduce
or were also restricted to limited sample areas (Westin, Vercammen et al. 2007, Alcacer,
Andreoli et al. 2017). QuPath is also freely available, which allows for similar studies to be
easily conducted by others. Thus, this methodology was used in the following chapters to
determine abnormal dopamine-mediated signal transduction pathways that may be differentially

regulated throughout regions of the striatum.
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Chapter 3: Abnormal dopamine receptor-mediated intracellular signaling in a mouse

model of DOPA-responsive dystonia

3.1. Abstract

The work in this chapter identifies abnormalities in postsynaptic D1R- and D2R-mediated
signaling pathways in the striatum of DRD mice. Immunohistochemistry was used to examine
changes in DIR- and D2R-mediated regulation of PKA activity, ERK phosphorylation, and c-
Fos expression in the striatum of normal and DRD mice. I demonstrated that abnormalities in
dopamine-mediated signaling pathways did not arise from alterations in the number of DIR- or
D2R-MSNs in the DRD mouse striatum. In DRD mice, potentiated striatal D1R-mediated
signaling was observed, as evidenced by increased PKA activity and ERK phosphorylation. The
response to D2R-antagonism was blunted or abolished in DRD mice, as evidenced by increased
c-Fos expression throughout the striatum of normal but not DRD mice in response to D2R-
antagonism. Potentiated D1R-mediated signaling has been observed in other rodent models of
dopamine depletion; however, blunted D2R-mediated signaling may be specific to dystonia.
Therefore, understanding the precise nature of D2R-mediated signaling may inform our

understanding of dystonia.
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3.2. Introduction

Although dopamine neurotransmission in the basal ganglia is abnormal in many different forms
of dystonia, the precise nature of abnormal dopamine-mediated signaling pathways are unknown.
In DRD mice, the chronic dopamine deficit that occurs throughout development is associated
with dystonia. However, a chronic dopamine deficit per se is not sufficient to cause dystonia as
neither 6-OHDA-lesioned mice nor DD mice exhibit dystonia, despite profound long-term
reductions in dopamine neurotransmission (Gerfen, Keefe et al. 1995, Zhou and Palmiter 1995,
Berke, Paletzki et al. 1998, Kim, Szczypka et al. 2000, Gerfen, Miyachi et al. 2002). Therefore,
the development of dystonia is likely due to the result of dopamine depletion along with very
specific abnormalities in dopamine-mediated signaling pathways. Until recently, it was not
possible to identify the dysregulated pathways because animal models that exhibit dystonia
caused by underlying defects in dopamine neurotransmission were not available. However,
recent studies in DRD mice, which have face, etiologic, and predictive validity, have
demonstrated that specific abnormalities in dopamine-mediated adenylate cyclase activation may
distinguish dystonia from other abnormal motor phenotypes (Rose, Yu et al. 2015).

Adenylate cyclase activation is necessary for the synthesis of cAMP and subsequent
PKA-mediated signaling. In normal mice, activation of D1Rs stimulates adenylate cyclase
activity, whereas activation of D2Rs inhibits adenylate cyclase activity (Bertran-Gonzalez,
Bosch et al. 2008). In DRD mice, DI1R-stimulated adenylate cyclase activity is greatly
potentiated compared to normal mice, whereas the response to D2R agonists is blunted (Rose,
Yu et al. 2015). These results suggest that abnormal downstream D1R- and D2R-mediated
signaling responses in the DRD mouse striatum may underlie the expression of dystonia.

Therefore, to identify the precise abnormalities in postsynaptic dopamine-mediated signaling
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pathways in DRD mice, I utilized immunohistochemistry to examine changes in dopamine-
mediated changes in 1) PKA activity using an indirect assessment of PKA substrate
phosphorylation, 2) ERK phosphorylation, and 3) c-Fos expression in the striatum of normal and
DRD mice.

Given previous work has shown DI1R-stimulated striatal adenylate cyclase activity is
potentiated in DRD mice compared to normal mice (Rose, Yu et al. 2015) and adenylate cyclase
activation is necessary for the synthesis of cAMP and subsequent PKA-mediated signaling, |
hypothesized that DIR-mediated striatal PKA activity is potentiated in DRD mice. PKA can also
regulate changes in gene transcription and can indirectly facilitate the phosphorylation of ERK,
which when phosphorylated can regulate gene transcription. Further, previous studies have
shown ERK phosphorylation and c-Fos expression are potentiated in response to D1R agonist
treatment after chronic dopamine depletion (Gerfen, Keefe et al. 1995, Berke, Paletzki et al.
1998, Kim, Szczypka et al. 2000, Gerfen, Miyachi et al. 2002, Kim, Palmiter et al. 2006).
Therefore, I hypothesized that that D1R-mediated striatal ERK phosphorylation and c-Fos

expression are also potentiated in DRD mice.

3.3. Methods

Mice. Male and female adult (3-6 month) mice homozygous for the c¢.1160C>A Th mutation
(DRD:; drd/drd) and littermates carrying two wild-type alleles (normal; +/+) were used for all
experiments. Because DRD mice do not survive inbred on C57BL/6J, most DRD mice were
produced by crossing +/drd mice coisogenic with C57BL/6J with +/drd mice congenic on
DBA/2J. Prior to the completion of the inbreeding of the drd allele onto the DBA/2J strain, a two

generation cross was used, as previously described (Rose, Yu et al. 2015), whereby +/drd mice
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coisogenic with C57BL/6J were crossed with normal DBA/2J. The +/drd mice generated from
this cross were then bred to create DRD mice. There were no differences in abnormal movement
in the mice generated by these two breeding schemes (data not shown), so these groups were
combined.

BAC reporter fluorescent transgenes were bred onto the DRD strain to identify D1R-
expressing (Drdla-tdTomato; JAX) or D2R-expressing (Drd2-EGFP; Heintz, Rockefeller
University) MSNs (Ade, Wan et al. 2011, Chan, Peterson et al. 2012). Christine Donsante, MS,
generated all mice used in the experiments described.

Housing conditions were in accordance with Emory University’s Institutional Animal
Care and Use Committee (IACUC). The light period was 7am to 7pm. All procedures were
conducted in accordance with Emory’s IACUC and Division of Animal Resources guidelines
and were approved by IACUC. Mice were maintained as previously described (Rose, Yu et al.
2015). DRD and normal control mice received a daily injection subcutaneously (s.c.) of 5 mg/kg
L-DOPA and 2.5 mg/kg benserazide (all from Sigma-Aldrich, St. Louis, MO) in 2.5 mg/ml
ascorbic acid in normal saline (0.9% NaCl). L-DOPA supplementation was terminated >24 h

prior to all experiments.

Behavioral assessment. Mice were tested in a behavioral suite separate from the location of
home cages. Abnormal movements were tested in activity cages (29 x 50 cm). Prior to all testing
periods, mice were habituated to the behavior suite for > 3 hrs. A behavioral inventory was used
to identify abnormal movements including tonic flexion (forelimbs, hindlimbs, trunk, head),
tonic extension (forelimbs, hindlimbs, trunk, head), clonus (forelimbs and hindlimbs), twisting

(trunk, head), and tremor (forelimbs, hindlimbs, trunk, head; Raike, Pizoli et al. 2013). Testing
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began at 2 pm, and abnormal movements were observed and scored for 30 sec at 10 min intervals
for 1 h. Abnormal movements were scored as present (1) or absent (0) for each body region

during each time bin. An abnormal movement score was calculated by summing all scores.

Drug challenges. Drugs were injected s.c. in normal saline (0.9% NacCl) in a volume of 10 ml/kg
unless otherwise noted. The D1-like receptor agonist, SKF 81297 hydrobromide (SKF 81297);
the D2-like receptor agonist (-)-quinpirole hydrochloride (quinpirole); and the D2R antagonist,
raclopride were obtained from Tocris Biosciences (Minneapolis, MN). Drug doses were chosen
based on previous reports demonstrating they are behaviorally active in DRD mice. SKF 81297
(0.2 mg/kg) and quinpirole (0.1 mg/kg) at the doses selected alleviate abnormal movement and
increase locomotor activity in DRD mice (Rose, Yu et al. 2015). The dose of raclopride (1
mg/kg) chosen worsens dystonia in DRD mice (Rose, Yu et al. 2015). Mice were treated with
drug between 12-4 pm and were sacrificed 45 min later because qualitative assessment of
preliminary data confirmed p-PKA-sub, p-ERK, and c-Fos immunoreactivity was increased in
the dopamine-depleted striatum of 6-OHDA-lesioned mice 45 min after L-DOPA treatment (data

not shown).

Immunohistochemistry. Mice were deeply anesthetized with isoflurane and perfused with a 4%
ice-cold, buffered paraformaldehyde solution (pH 7.2). Brains were rapidly removed and post
fixed overnight in the perfusion solution at 4°C. Brains were transferred to 20% buffered sucrose
overnight and were then transferred to 30% buffered sucrose solution overnight at 4°C. Brains

were stored at 4°C in 30% buffered sucrose until sectioning. Brains were sectioned (30 um) in
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the coronal plane using a freezing microtome. Free-floating sections were stored in a
cryoprotective solution at —20°C until further processing.

Sections were immunostained using the following primary antibodies as described in
Chapter 2: Phospho-(Thr202/Tyr204)-ERK 1/2 rabbit monoclonal antibody (1:5,000; #4370 Cell
Signaling); c-Fos rabbit polyclonal antibody (1:20,000; PC38 EMD Millipore), anti-mCherry
antibody (1:5,000; #AB167453; Abcam), GFP tag polyclonal antibody (1:20,000; A-11122;
Invitrogen) and phospho-(Ser/Thr) PKA substrate (p-PKA-sub) rabbit polyclonal antibody

(1:5,000; #9621 Cell Signaling).

Bright-field immunohistochemistry. Floating sections were treated with 0.5% Triton-X in Tris-
buffered saline (TBS) for 30 min and then blocked with 5% normal goat serum, 5% bovine
serum albumin, 0.1% bovine gelatin, 0.05% Tween-80, and 0.01% sodium azide in TBS for 2
hrs. Floating sections were then reacted for 16-24 hrs at 4°C with the primary antibody. Sections
were then incubated for 2 hrs at 4°C with a biotinylated goat anti-rabbit IgG secondary antibody
(1:800, Vector Laboratories) in 5% normal goat serum in 0.1% Triton-X-100 in TBS. Sections
were incubated with avidin-biotin complex (Vector Labs, Burlingame, CA) for 1 h, and
developed using a peroxidase-based detection method and 3-3’-diaminobenzidine (DAB; Sigma-

Aldrich, St. Louis, MO) as the chromogen.

Immunofluorescence. Floating sections were treated with 0.5% Triton-X in Tris-buffered saline
(TBS) for 30 min and then blocked with 5% normal goat serum, 5% bovine serum albumin,
0.1% bovine gelatin, 0.05% Tween-80, and 0.01% sodium azide in TBS for 2 hrs. Floating

sections were then reacted for 16-24 hrs at 4°C with the primary antibody. Sections were then
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incubated for 1 hr at 4°C with goat anti-rabbit IgG (H+L) highly cross-adsorbed
secondary antibody, Alexa Fluor 59 (1:500; Vector Laboratories) in 5% normal goat serum in

0.1% Triton-X-100 in TBS.

Bright-field image analysis and cell counts. One striatal section from Bregma +1.145 to 0.145
was selected for immunostaining. The Allen Coronal Mouse Brain Atlas was used as a reference.
Analysis was carried out in dorsomedial, dorsolateral, and ventral regions of the striatum as
previously described (Chapter 2). To determine positive counts for the dorsomedial, dorsolateral,
and ventral regions, positive cell counts and total area for each region from the left and right
striatum were summed. The total number of positive cells from the DM, DL, or ventral region
was divided by total area of the respective regions to determine the number of cells positive per
square mm. This was completed for each region of interest. Because the dorsal striatum is

predominantly involved in motor control, dorsomedial and dorsolateral regions were the focus.

Fluorescent image analysis and cell counts. Immunofluorescence was used to determine the
cell type specificity of p-PKA-sub, p-ERK, and c-Fos positive cells. Images were collected using
a Leica SP8 confocal microscope at a 40X objective. NIH ImageJ software (1.52a) was used to
create a merged color image. Analysis was carried out on one side of the brain in an equivalent
area within the dorsomedial and dorsolateral region of one section from the mid-rostrocaudal
level of the striatum. QuPath software was used to automate positive counts of
immunofluorescence. Striatal sections from Bregma +1.145 to 0.145 were selected for assessing
immunofluorescence. Fluorescent images were not adjusted for quantification, but the brightness

has been adjusted for presentation purposes.
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Given approximately 95% of neurons in the striatum are MSNs and less than 2% of

MSNs express both receptors (Gagnon, Petryszyn et al. 2017), positive immunostaining for p-
PKA-sub, p-ERK, or c-Fos (secondary antibody Alexa Fluor 59, red) that overlapped with D2R-
MSNs (EGFP, green) was considered specific to D2R-MSNS, and positive immunostaining for
p-PKA-sub, p-ERK, or c-Fos (secondary antibody Alexa Fluor 59, red) that did not overlap with
D2R-MSNs (EGFP, green) was considered specific to DIR-MSNs. Positive cells were counted
independently on a red and green channel and the overlap was then determined in the merged
image (Figure 3.1). The percentage of D2R-MSNs and D1R-MSNs immunostained for p-PKA-

sub, p-ERK, or c-Fos was determined by using the following formulas:

%D2R-MSNs immunostained for p-PKA-sub, p-ERK, or c-Fos =
(# of ‘red’ and ‘green’ cells / # of ‘red’ cells) * 100
%D1R-MSNs immunostained for p-PKA-sub, p-ERK, or c-Fos =

100% - %D2R-MSNs immunostained for p-PKA-sub, p-ERK, or c-Fos

The percentage of D2R-MSNs immunostained for p-PKA-sub, p-ERK, or c-Fos (secondary
antibody Alexa Fluor 59, red) was determined by dividing the number of ‘overlap’ cells by the
number of ‘red’ cells, or cells positive for p-PKA-sub, p-ERK, or c-Fos (secondary antibody
Alexa Fluor 59, red) but not endogenous EGFP (green) and multiplying that by 100. ‘Overlap’
cells refers to cells positive for p-PKA-sub, p-ERK, or c-Fos (secondary antibody Alexa Fluor
59, red) and endogenous EGFP (green, D2R-MSNs). The percentage of D2R-MSNs

immunostained for p-PKA-sub, p-ERK, or c-Fos was subtracted from 100% to determine the
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percentage of D1R-MSNs immunostained for p-PKA-sub, p-ERK, or c-Fos (secondary antibody

Alexa Fluor 59, red) that did not co-localize with endogenous EGFP (green, D2R-MSNs).

Figure 3.1. Cell type specificity analysis. (A) D2R-MSNs were identified by counting cells positive for
endogenous EGFP. Green circles identify D2R-MSNs (endogenous EGFP). (B) Cells immunostained for
primary antibodies (p-PKA-sub, p-ERK, or c-Fos) were identified by counting cells positive for the goat
anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody Alexa Fluor 59 (red). This example
shows c-Fos immunoreactivity in the striatum of a normal mouse treated with raclopride. Red circles
identify cells immunostained for primary antibodies (p-PKA-sub, p-ERK, or c-Fos) and positive for the
goat anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody Alexa Fluor 59. (C) Yellow circles

identify overlap (red and green circles) on the merged image.

Statistics. Prism 8 was used for all analyses. Detailed statistical results are presented in the
figure legends. Counts of p-PKA-sub, p-ERK and c-Fos positive cells per square mm in
dorsomedial and dorsolateral striatum were analyzed using a treatment x region x genotype
ANOVA. Given the dorsal striatum is predominantly involved in motor control, results in ventral

striatum were analyzed separately using a two-way treatment x genotype ANOVA.
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3.4. Results

3.4.1. Behavioral analysis of DRD mice expressing fluorescent reporter proteins

As discussed, DRD mice were crossed with mouse lines in which neurons ‘report” D1R-MSNs
or D2R-MSNs by expressing tdTomato (tdTom) or EGFP, respectively. Abnormal movement
was assessed in DRD mice carrying Drdla-tdTomato (tdTom), Drd2-EGFP (EGFP), or both
transgenes (tdTom, EGFP) in order to determine whether abnormal movement was altered by the
presence of the transgenes. Student’s 7 tests revealed abnormal movements in DRD mice
carrying tdTom, EGFP, or both tdTom and EGFP, did not differ from DRD mice without
reporter fluorescent proteins (no RFP). These results demonstrate that the presence of these
reporter fluorescent transgenes did not alter the phenotype of interest, abnormal movement, in

DRD mice (Figure 3.2).

Abnormal movement score
[9%]

No RFP tdTom EGFP tdTom, EGFP

Figure 3.2. Abnormal movement in DRD mice with RFPs. Student’s ¢ tests revealed abnormal
movements in DRD mice carrying the RFPs, tdTom (D1R-MSNs; n = 6; p > 0.1), EGFP (D2R-MSNs; n
=5; p>0.1), or both tdTom and EGFP (D1R- and D2R-MSNs; n = 7; p > 0.1) did not differ from DRD
mice without the RFPs (n = 27). Values represent mean + SEM. Data collected by Christine Donsante,

MS, and analyzed by MAB.
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3.4.2. Distribution of D1R-tdTom and D2R-EGFP striatal neurons

Abnormalities in dopamine-mediated signaling pathways could arise from changes in the number
of DIR-positive and D2R-positive MSNs caused by the lack of dopamine throughout
development (Lieberman, McGuirt et al. 2018). Therefore, DRD mice expressing both tdTom
(DIR-MSNs) and EGFP (D2R-MSNs) were used to compare the distribution of D1R-expressing
and D2R-expressing striatal neurons between normal and DRD mice. Micrographs of EGFP and
tdTom expression in DRD and normal mice are shown in Figure 3.3. To quantify DIR (tdTom)-
and D2R (EGFP)-expressing MSNs, I performed immunostaining for tdTom (anti-mCherry
antibody) and EGFP (GFP tag polyclonal antibody) followed by DAB development. Positive
immunostained cells were quantified using the method described in Chapter 2. When examining
the total striatum, the number of cells positive per square mm for tdTom (D1R-MSNs) and EGFP
(D2R-MSNss) did not differ between normal and DRD mice (Figure 3.4). When examining the
dorsomedial and dorsolateral striatum separately, the number of cells positive per square mm for
tdTom (D1R-MSNs) and EGFP (D2R-MSN5s) also did not differ between normal and DRD mice
(data not shown). These data suggest that that abnormalities in dopamine-mediated signaling

pathways are likely not attributable to alterations in the population of MSN subtypes.
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Normal mouse striatum DRD mouse striatum

Figure 3.3. Representative fluorescent micrographs of DRD and normal mouse striatum.

Micrographs of sagittal sections from normal (A) and DRD (B) mouse striatum with endogenous tdTom
(D1IR-MSNs) and EGFP (D2R-MSNs) fluorescent proteins. Images generated by Yunmiao Wang, a

Neuroscience graduate program rotation student.
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Figure 3.4. D1R-expressing and D2R-expressing cell density in normal and DRD mouse total
striatum. EGFP positive cell counts (D2R-MSNs) did not differ between DRD (n = 3) and normal (n = 4)
mice (p > 0.1; Student’s ¢ test). tdTom positive cell counts (D1R-MSNs) did not differ between DRD (n =
3) and normal (n = 3) mice (p > 0.1; Student’s ¢ test). Values represent mean + SEM. Data generated by

Alec Shannon, an undergraduate student supervised by MAB.
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3.4.3. D1R agonist-mediated signaling

DIR agonist-mediated p-PKA-sub immunoreactivity

In DRD mice, D1R-stimulated adenylate cyclase activity is potentiated compared to normal mice
(Rose, Yu et al. 2015). Adenylate cyclase activation is necessary for the synthesis of cAMP and
subsequent PKA-mediated signaling. As such, I hypothesized that D1R-mediated striatal PKA
activation is potentiated in DRD mice. To test this hypothesis, the effects of treatment with the
D1-like dopamine receptor agonist, SKF 81297 on p-PKA-sub immunoreactivity in dorsomedial
and dorsolateral striatum of normal and DRD mice were assessed. The effects of SKF 81297
treatment on p-PKA-sub immunoreactivity in the ventral striatum of normal and DRD mice were
also assessed.

In normal mice, SKF 81297 treatment did not change p-PKA-sub immunoreactivity in
dorsomedial or dorsolateral striatum compared to saline treatment. However, in DRD mice, p-
PKA-sub immunoreactivity was increased in response to SKF 81297 treatment compared to
saline treatment in dorsomedial and dorsolateral striatum (treatment X genotype interaction
effect, p < 0.01; Figure 3.5A). Dual immunofluorescence in the dorsomedial striatum of a DRD
mouse revealed SKF 81297-induced p-PKA-sub immunoreactivity was expressed in only 5% of
D2R-MSNss (Figure 3.5C) and in dorsolateral striatum, SKF 81297-induced p-PKA-sub
immunoreactivity was not observed in D2R-MSNs (data not shown). This suggests that most p-
PKA-sub immunoreactivity occurred in DIR-MSNs, as expected. In ventral striatum, p-PKA-sub
immunoreactivity was increased by SKF 81297 treatment (main effect of treatment, p < 0.01)
and p-PKA-sub immunoreactivity was increased in DRD mice compared to normal mice (main

effect of genotype, p < 0.05; Figure 3.5B). There was a trend for a treatment x genotype
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interaction effect (p = 0.09). Overall, these results suggest that in DRD mice, PKA-mediated

signaling pathways in D1R-MSNs are potentiated.
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Figure 3.5. Effects of SKF 81297 treatment on striatal p-PKA-sub immunoreactivity in normal and
DRD mice. (A) p-PKA-sub immunoreactivity in SKF 81297- and saline-treated normal and DRD mice in
dorsomedial and dorsolateral striatum was tested using a genotype x treatment x region ANOVA. In
normal mice, SKF 81297 treatment did not alter p-PKA-sub immunoreactivity in dorsomedial or
dorsolateral striatum compared to saline treatment. In DRD mice, p-PKA-sub immunoreactivity was
increased in response to SKF 81297 treatment compared to saline treatment in dorsomedial and
dorsolateral striatum [treatment x genotype interaction effect, F (1, 50) = 9.23, p < 0.01]. (B) In ventral
striatum, p-PKA-sub immunoreactivity in SKF 81297- and saline-treated normal and DRD mice was

tested with a two-way ANOVA. SKF 81297 treatment increased p-PKA-sub immunoreactivity [main
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effect of treatment, F (1, 24) = 8.61, p < 0.01] and p-PKA-sub immunoreactivity was increased in DRD
mice compared to normal mice [main effect of genotype, F (1, 24) = 5.22, p < 0.05; there was a trend for
a treatment x genotype interaction effect, F (1, 24) = 3.12, p = 0.09]. Values represent mean + SEM; n =
6-8/group. (C) Dual immunofluorescence from the dorsomedial striatum of a DRD mouse revealed p-

PKA-sub immunoreactivity was expressed in ~5% of D2R-MSNs.

DIR agonist-mediated p-ERK immunoreactivity
Previous studies have shown p-ERK pathways are abnormally activated in response to DIR
agonist treatment after chronic dopamine depletion (Kim, Szczypka et al. 2000, Gerfen, Miyachi
et al. 2002, Kim, Palmiter et al. 2006); therefore, I hypothesized that D1R-mediated striatal p-
ERK signaling is potentiated in DRD mice. To test this hypothesis, the effects of SKF 81297
treatment on p-ERK immunoreactivity were assessed in the striatum of normal and DRD mice.
In DRD mice, there was an increase in p-ERK immunoreactivity in response to SKF
81297 treatment compared to saline treatment in dorsomedial, and to a lesser extent, dorsolateral,
striatum (treatment x genotype interaction effect, p < 0.05; Figure 3.6A). In contrast, there was a
decrease in p-ERK immunoreactivity in response to SKF 81297 treatment compared to saline
treatment in dorsomedial, and to a lesser extent, dorsolateral, striatum, in normal mice (treatment
x genotype interaction effect, p < 0.05; Figure 3.6A). There was a main effect of region (p <
0.01; Figure 3.6A), which suggests baseline differences in the regional regulation of ERK
phosphorylation. Overall, there was lower expression of p-ERK in DRD mice and in DRD mice,
there was lower expression of p-ERK in the dorsolateral compared to dorsomedial striatum. In
ventral striatum, p-ERK immunoreactivity was increased in response to SKF 81297 treatment
compared to saline treatment in DRD mice, but decreased in response to SKF 81297 treatment

compared to saline treatment in normal mice (treatment x genotype interaction effect, p < 0.01;
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Figure 3.6B). These results suggest that in DRD mice, striatal ERK is abnormally

phosphorylated via D1R-activation whereas in normal mice, D1R-activation may inhibit ERK

phosphorylation.
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Figure 3.6. Effects of SKF 81297 treatment on striatal p-ERK immunoreactivity in normal and
DRD mice. (A) p-ERK immunoreactivity in SKF 81297- and saline-treated normal and DRD mice in
dorsomedial and dorsolateral striatum was tested using a genotype x treatment x region ANOVA. In DRD
mice, there was an increase in p-ERK immunoreactivity in response to SKF 81297 treatment compared to
saline treatment in dorsomedial and dorsolateral striatum [treatment X genotype interaction effect, F (1,
50) = 9.23, p < 0.05]. In normal mice there was a decrease in p-ERK immunoreactivity in response to
SKF 81297 treatment compared to saline treatment in dorsomedial and dorsolateral striatum [treatment x
genotype interaction effect, F (1, 50) = 9.23, p < 0.05]. In DRD mice, there was lower expression of p-
ERK in dorsolateral compared to dorsomedial striatum [main effect of region [F (1, 50) = 1045, p <
0.01]. (B) In ventral striatum, p-ERK immunoreactivity in SKF 81297- and saline-treated normal and
DRD mice was tested with a two-way ANOVA. p-ERK immunoreactivity was increased in response to

SKF 81297 treatment compared to saline treatment in DRD mice, but decreased in response to SKF
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81297 treatment compared to saline treatment in normal mice [treatment X genotype interaction effect, F

(1,25)=11.78, p < 0.01]. Values represent mean + SEM; n = 6-8/group.

Correlation of DIR agonist-mediated p-PKA-sub and p-ERK immunoreactivity

There was a positive correlation between p-PKA-sub and p-ERK immunoreactivity in the
dorsomedial (r* = 0.82, p < 0.05; Figure 3.7A), but not dorsolateral (Figure 3.7B), striatum of
DRD mice. This suggests that D1R-mediated signaling, via supersensitive cAMP-mediated
pathways, activates p-ERK in the dorsomedial striatum. This data further supports regional

differences in the regulation of ERK phosphorylation in the dorsomedial and dorsolateral
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Figure 3.7. Correlation of p-PKA-sub and p-ERK immunoreactivity following SKF 81297
treatment in DRD mice. SKF 81297-induced p-PKA-sub and p-ERK immunoreactivity were correlated
in the (A) dorsolateral striatum [r(6) = 0.91, p < 0.05], but not the (B) dorsolateral striatum [r(6) = 0.68, p

>0.1].
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DIR agonist-mediated c-Fos immunoreactivity

PKA can regulate changes in gene transcription and can indirectly facilitate the phosphorylation
of ERK, which when phosphorylated can regulate gene transcription. Further, previous studies
have shown striatal c-Fos expression is abnormally induced in response to D1R-activation after
chronic dopamine depletion (Gerfen, Keefe et al. 1995, Berke, Paletzki et al. 1998, Kim,
Szczypka et al. 2000, Gerfen, Miyachi et al. 2002). Therefore, I hypothesized that that D1R-
mediated striatal c-Fos expression is potentiated in DRD mice. To test this hypothesis, the effects
of SKF 81297 treatment on c-Fos immunoreactivity in dorsomedial and dorsolateral striatum of
normal and DRD mice were assessed. The effects of SKF 81297 treatment on c-Fos
immunoreactivity in the ventral striatum of normal and DRD mice were also assessed. SKF
81297 treatment did not significantly affect c-Fos immunoreactivity in either normal or DRD

mice in any striatal region (Figures 3.8A,B).
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Figure 3.8. Effects of SKF 81297 treatment on striatal c-Fos immunoreactivity in normal and DRD

mice. (A) c-Fos immunoreactivity in SKF 81297- and saline-treated normal and DRD mice in
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dorsomedial and dorsolateral striatum was tested using a genotype x treatment x region ANOVA. SKF
81297 treatment did not significantly affect c-Fos immunoreactivity in either normal or DRD mice in
dorsomedial or dorsolateral striatum [treatment X region x genotype interaction effect, F (1, 52) = 0.19, p
> 0.1]. (B) In ventral striatum, c-Fos immunoreactivity in SKF 81297- and saline-treated normal and
DRD mice was tested with a two-way ANOVA. SKF 81297 treatment did not significantly affect c-Fos
immunoreactivity in either normal or DRD mice [treatment X genotype interaction effect, F (1,26) = 0.32,

p > 0.1]. Values represent mean + SEM; n = 7-8/group.

3.4.4.D2R agonist-mediated signaling
D2R agonist-mediated p-PKA-sub immunoreactivity
To determine whether D2R-mediated regulation of PKA, the main target of cAMP-mediated
signaling, is dysregulated in DRD mice, the effects of treatment with a D2-like dopamine
receptor agonist, quinpirole on p-PKA-sub immunoreactivity in dorsomedial and dorsolateral
striatum of normal and DRD mice were assessed. The effects of quinpirole treatment on p-PKA-
sub immunoreactivity in the ventral striatum of normal and DRD mice were also assessed.
Quinpirole treatment did not significantly affect p-PKA-sub expression in either normal
or DRD mice in dorsomedial or dorsolateral striatum (Figure 3.9A). There was a trend for a
treatment X genotype interaction effect (p = 0.09) in ventral striatum (Figure 3.9B). Overall,
these results suggest that D2R-activation does not induce PKA in the dorsal striatum of DRD or

normal mice.
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Figure 3.9. Effects of quinpirole treatment on striatal p-PKA-sub immunoreactivity in normal and

DRD mice. (A) p-PKA-sub immunoreactivity in quinpirole- and saline-treated normal and DRD mice in

dorsomedial and dorsolateral striatum was tested using a genotype x treatment x region ANOVA.

Quinpirole treatment did not significantly affect p-PKA-sub expression in either normal or DRD mice in

dorsomedial or dorsolateral striatum [treatment X region x genotype interaction effect, F (1, 42) = 0.04, p

> 0.1]. (B) In ventral striatum, p-PKA-sub immunoreactivity in quinpirole- and saline-treated normal and

DRD mice was tested with a two-way ANOVA. Quinpirole treatment did not significantly affect p-PKA-

sub expression in either normal or DRD mice; however, there was a trend for a treatment x genotype

interaction effect [F (1,20) = 3.21, p = 0.09]. Values represent mean + SEM; n = 5-7/group.

D2R agonist-mediated p-ERK immunoreactivity

To determine whether D2R-mediated regulation of p-ERK is dysregulated in DRD mice, the

effects of quinpirole treatment on p-ERK immunoreactivity in dorsomedial and dorsolateral

striatum of normal and DRD mice were assessed. The effects of quinpirole treatment on p-ERK

immunoreactivity in the ventral striatum of normal and DRD mice were also assessed.
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In dorsal striatum, quinpirole treatment had no effect of p-ERK immunoreactivity.
Greater p-ERK immunoreactivity was observed in the dorsomedial striatum compared to the
dorsolateral striatum of normal mice, whereas there were very low baseline levels of p-ERK
immunoreactivity in both regions in DRD mice (region x genotype interaction, p < 0.05; Figure
3.10A). In ventral striatum, there was a main effect of treatment (p < 0.05; Figure 3.10B), with
decreased p-ERK immunoreactivity in response to quinpirole treatment compared to saline

treatment. These data suggest that in the ventral striatum, D2R-activation inhibits ERK

phosphorylation.
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Figure 3.10. Effects of quinpirole treatment on striatal p-ERK immunoreactivity in normal and
DRD mice. (A) p-ERK immunoreactivity in quinpirole- and saline-treated normal and DRD mice in
dorsomedial and dorsolateral striatum was tested a genotype x treatment x region ANOVA. Quinpirole
treatment had no effect of p-ERK immunoreactivity [treatment X region X genotype interaction effect, F
(1, 46) = 0.14, p > 0.1]. Greater p-ERK immunoreactivity was observed in the dorsomedial striatum
compared to the dorsolateral striatum of normal mice and there were very low baseline levels of p-ERK

immunoreactivity in both regions in DRD mice [region x genotype interaction effect, F (1,46) =4.97,p <



62

0.05]. (B) In ventral striatum, p-ERK immunoreactivity in quinpirole- and saline-treated normal and DRD
mice was tested with a two-way ANOVA. p-ERK immunoreactivity was decreased in response to
quinpirole treatment compared to saline treatment [main effect of treatment, F (1, 23) = 5.17, p < 0.5].

Values represent mean + SEM; n = 6-8/group.

D2R agonist-mediated c-Fos immunoreactivity

To determine whether D2R-mediated regulation of c-Fos is dysregulated in DRD mice, the
effects of quinpirole treatment on c-Fos immunoreactivity in dorsomedial and dorsolateral
striatum of normal and DRD mice were assessed. The effects of quinpirole treatment on c-Fos
immunoreactivity in the ventral striatum of normal and DRD mice were also assessed.

In normal and DRD mice, quinpirole treatment reduced c-Fos immunoreactivity
compared to saline (main effect of treatment, p < 0.01) in dorsomedial and to a lesser extent,
dorsolateral, striatum (trend for main effect of region, p = 0.06; Figure 3.11A). Similarly, in
ventral striatum, quinpirole treatment resulted in a modest decrease in c-Fos immunoreactivity in
normal and DRD mice compared to saline (trend for a main effect of treatment, p = 0.06; Figure
3.11B). Overall, these results suggest that D2R-activation inhibits c-Fos induction in normal and

DRD mice.
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Figure 3.11. Effects of quinpirole treatment on striatal c-Fos immunoreactivity in normal and DRD
mice. (A) c-Fos immunoreactivity in quinpirole- and saline-treated normal and DRD mice in dorsomedial
and dorsolateral striatum was tested using a genotype x treatment x region ANOVA. In normal and DRD
mice, quinpirole treatment reduced c-Fos immunoreactivity compared to saline [main effect of treatment,
F (1, 46) = 7.83, p < 0.01] in dorsomedial and to a lesser extent, dorsolateral, striatum [trend for a main
effect of region, F (1, 46) = 3.78, p = 0.06]. (B) In ventral striatum, c-Fos immunoreactivity in quinpirole-
and saline-treated normal and DRD mice was tested with a two-way ANOVA. Quinpirole treatment
resulted in a modest decrease in c-Fos immunoreactivity in normal and DRD mice compared to saline
[trend for a main effect of treatment, F (1, 23) = 3.94, p = 0.06]. Values represent mean + SEM; n = 6-

8/group.

3.4.5. D2R antagonist-mediated signaling

Previous work has demonstrated that blocking the inhibitory effects of D2Rs with an antagonist
is an effective approach for unmasking abnormal signaling pathways in the striatum (Gerfen,
Miyachi et al. 2002). Therefore, normal and DRD mice were treated with the D2R antagonist,

raclopride, and p-PKA-sub, p-ERK, and c-Fos immunoreactivity were assessed.
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D2R antagonist-mediated p-PKA-sub immunoreactivity

I determined whether treatment with raclopride would reveal abnormal D2R-mediated PKA
signaling in DRD mice. Specifically, the effects of raclopride treatment on p-PKA-sub
immunoreactivity were assessed in the striatum of normal and DRD mice. Raclopride treatment
did not significantly affect p-PKA-sub immunoreactivity in either normal or DRD mice in any
striatal region (Figures 3.12A,B); however, there was a trend for reduced p-PKA-sub
immunoreactivity in ventral striatum following raclopride treatment in DRD, but not normal,

mice (trend for treatment x genotype interaction effect, p = 0.09; Figure 3.12B).
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Figure 3.12. Effects of raclopride treatment on striatal p-PKA-sub immunoreactivity in normal and
DRD mice. (A) p-PKA-sub immunoreactivity in raclopride- and saline-treated normal and DRD mice in
dorsomedial and dorsolateral striatum was tested using a genotype x treatment x region ANOVA.
Raclopride treatment did not significantly affect p-PKA-sub immunoreactivity in either normal or DRD

mice in dorsomedial or dorsolateral striatum [treatment x region x genotype interaction effect, F (1, 36) =
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0.01, p > 0.1]. (B) In ventral striatum, p-PKA-sub immunoreactivity in raclopride- and saline-treated
normal and DRD mice was tested with a two-way ANOVA. Raclopride treatment did not significantly
affect p-PKA-sub immunoreactivity in either normal or DRD mice. There was a trend for reduced p-
PKA-sub immunoreactivity following raclopride treatment in DRD, but not normal, mice [treatment X

genotype interaction effect, F (1, 17) = 1.86, p = 0.09]. Values represent mean + SEM; n = 4-8/group.

D2R antagonist-mediated p-ERK immunoreactivity

Previous work suggests D2Rs function to inhibit c-Fos expression and that D2R antagonism
blocks the inhibitory effects of D2R-activation, which results in ERK phosphorylation in the
striatum (Gerfen, Miyachi et al. 2002). To determine whether D2R antagonism would reveal
abnormal p-ERK signaling in DRD mice, the effects of raclopride treatment on p-ERK
immunoreactivity were assessed in the striatum of normal and DRD mice.

Raclopride treatment had no effect on p-ERK immunoreactivity. Greater p-ERK
immunoreactivity was observed in the dorsomedial striatum compared to the dorsolateral
striatum of normal mice, whereas there were very low baseline levels of p-ERK
immunoreactivity in both regions in DRD mice (region x genotype interaction, p < 0.05; Figure
13.3A). These results suggest there may be regional differences in the baseline regulation of
ERK phosphorylation. Further, baseline regulation of ERK phosphorylation may be abnormal in
DRD mice. In ventral striatum, raclopride treatment increased p-ERK immunoreactivity in
normal, but not DRD mice (treatment x genotype interaction effect, p < 0.001; Figure 3.13B),
suggesting that, overall, p-ERK responses to D2R antagonism are blunted in the ventral striatum

of DRD mice.
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Figure 3.13. Effects of raclopride treatment on striatal p-ERK immunoreactivity in normal and
DRD mice. (A) p-ERK immunoreactivity in raclopride- and saline-treated normal and DRD mice in
dorsomedial and dorsolateral striatum was tested using a genotype x treatment x region ANOVA.
Raclopride treatment had no effect on p-ERK immunoreactivity [treatment X region X genotype
interaction effect, F (1, 38) = 0.02, p > 0.1]. Greater p-ERK immunoreactivity was observed in the
dorsomedial striatum compared to the dorsolateral striatum of normal mice, whereas there were very low
baseline levels of p-ERK immunoreactivity in both regions in DRD mice [region x genotype interaction
effect, F (1, 38) = 4.40, p < 0.05]. (B) In ventral striatum, p-ERK immunoreactivity in raclopride- and
saline-treated normal and DRD mice was tested with a two-way ANOVA. Raclopride treatment increased
p-ERK immunoreactivity in normal, but not DRD mice [treatment X genotype interaction effect [F (1, 19)

=23.11,p < 0.001]. Values represent mean + SEM; n = 4-8/group; y-axes differ.

D2R antagonist-mediated c-Fos immunoreactivity
To determine whether blocking inhibitory D2Rs would reveal abnormal signaling associated
with c-Fos induction, the effects of raclopride treatment on c-Fos immunoreactivity in

dorsomedial and dorsolateral striatum of normal and DRD mice were assessed. The effects of
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raclopride treatment on c-Fos immunoreactivity in the ventral striatum of normal and DRD mice
were also assessed.

Raclopride, compared to saline, treatment increased c-Fos immunoreactivity in normal,
but not DRD mice (treatment x genotype interaction effect, p < 0.0001; Figure 3.14A) in the
dorsomedial, and to a slightly greater extent, dorsolateral, striatum (trend for a significant
treatment x region x genotype interaction effect, p = 0.07; Figure 3.14A). Dual
immunofluorescence in a normal mouse revealed raclopride-induced c-Fos immunoreactivity
was expressed in ~65% of D2R-MSNs in the dorsomedial striatum (Figure 3.14C), and in ~79%
of D2R-MSNs in dorsolateral striatum (Figure 3.14D) suggesting that the effect was occurring in
both D1R- and D2R-positive MSNs. Similarly, in ventral striatum, raclopride, compared to
saline, treatment increased c-Fos immunoreactivity in normal, but not DRD mice (treatment x
genotype interaction effect, p < 0.0001; Figure 3.14B). These results further suggest that, in
contrast to normal mice, D2Rs do not significantly contribute to the regulation of intracellular c-

Fos signaling pathways in DRD mice.
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Figure 3.14. Effects of raclopride treatment on striatal c-Fos immunoreactivity in normal and DRD

mice. (A) c-Fos immunoreactivity in raclopride- and saline-treated normal and DRD mice in dorsomedial
and dorsolateral striatum was tested using a genotype x treatment x region ANOVA. Raclopride,
compared to saline, treatment increased c-Fos immunoreactivity in normal, but not DRD mice [treatment
x genotype interaction effect, F (1, 38) = 99.08, p < 0.0001] in the dorsomedial and to a slightly greater
extent, dorsolateral striatum (trend for a significant treatment x region x genotype interaction effect [F (1,

38) = 3.61, p = 0.07]. (B) In ventral striatum, c-Fos immunoreactivity in raclopride- and saline-treated
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normal and DRD mice was tested with a two-way ANOVA. Raclopride, compared to saline, treatment
increased c-Fos immunoreactivity in normal, but not DRD mice [treatment x genotype interaction effect,
F (1, 19) =42.57, p <0.0001]. Values represent mean + SEM; n = 4-8/group. Dual immunofluorescence
from a normal mouse revealed c-Fos immunoreactivity was expressed in (C) ~65% of D2R-MSNs in the

dorsomedial striatum (D) and in ~79% of D2R-MSNs in the dorsolateral striatum.

3.5. Discussion

Here I identified abnormal downstream D1R- and D2R-mediated signaling responses in the DRD
mouse striatum that may underlie dystonia. First, I demonstrated that abnormalities in dopamine-
mediated signaling pathways did not arise from changes in the number of DIR- or D2R-MSN:s.
In DRD mice, supersensitive D1R-mediated signaling was observed throughout the striatum as
evidenced by increased PKA activity and ERK phosphorylation. The response to D2R-
antagonism was abolished in DRD mice, as evidenced by changes in ERK phosphorylation and
c-Fos expression. D2R-antagonism caused a robust increase in c-Fos expression throughout the
striatum of normal mice but failed to induce striatal c-Fos expression in DRD mice. These results
are summarized in Table 3.1 and provide evidence that in DRD mice, D1R-mediated signaling is

supersensitive and D2R-mediated signaling is blunted or abolished.



Table 3.1. Summary of immunohistochemistry results
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3.5.1. Distribution of D1R- and D2R-MSNs

That abnormalities in dopamine-mediated signaling pathways did not arise from changes in the

number of DIR-MSNs and D2R-MSN:ss is consistent with previous data showing that in DRD

mice there was no change in the abundance of striatal mRNA encoding D1Rs or D2Rs compared

to normal mice. Similarly, DD mice do not exhibit changes in dopamine receptor expression

(Kim, Szczypka et al. 2000). Previous data in DRD mice also showed there were no differences

in the affinity of D1Rs or D2Rs (Rose, Yu et al. 2015). Thus changes in D1R- and D2R-

mediated signaling are likely attributable to changes in signaling pathways and not alterations in

receptor affinity or distribution.

3.5.2. Regional differences in dopamine signaling in the dorsal striatum
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Regional differences in baseline ERK phosphorylation were observed in normal and DRD mice.
Greater p-ERK was observed in the dorsomedial compared to the dorsolateral striatum in normal
and DRD mice. Overall, slightly lower levels of p-ERK were observed throughout the dorsal
striatum in DRD mice compared to normal mice. This difference may be due to loss of baseline
dopamine signaling in DRD mice. Further, D1R-activation induced greater levels of p-ERK in
the dorsomedial compared to the dorsolateral striatum, which may be due to the increased
baseline levels in this region. D1R-mediated PKA activity was positively correlated with DIR-
mediated ERK phosphorylation in the dorsomedial striatum. This suggests supersensitive
postsynaptic signaling in the dorsomedial striatum may be differentially regulated compared to
dorsolateral or ventral striatum. However, the mechanism underlying the regional differences is
not known, but could arise from both presynaptic and postsynaptic regulation of ERK

phosphorylation.

3.5.3. D1R-mediated signaling
DIR-stimulated PKA activity was potentiated in D1IR-MSNs throughout the striatum of DRD,
but not normal mice. Given adenylate cyclase is necessary for the synthesis of cAMP and
subsequent PKA-mediated signaling, this is consistent with previous data showing DIR-
stimulated adenylate cyclase activity is potentiated in striatal homogenates of DRD mice
compared to normal mice (Rose, Yu et al. 2015).

In DRD mice, there was a small increase in p-ERK within DIR-MSNs throughout the
striatum in response to D1R-activation. This is similar to other models of dopamine depletion, in
which ERK is phosphorylated in the dorsal striatum via D1R-activation (Kim, Szczypka et al.

2000, Gerfen, Miyachi et al. 2002, Kim, Palmiter et al. 2006). D1R-mediated PKA activity in
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DRD mice was positively correlated with ERK phosphorylation in the dorsomedial striatum,
where the increase in ERK phosphorylation was greatest. PKA does not directly phosphorylate
ERK; however, there are number of proposed pathways that indirectly link PKA activity and p-
ERK. For example, ERK phosphorylation may occur via integration of DIRs, NMDARs, and
DARPP-32 signaling (Valjent, Pascoli et al. 2005). In normal mice, D1R-activation resulted in a
small decrease of ERK phosphorylation throughout the striatum; however, D1R-activation has
been shown to induce p-ERK in the ventral striatum (Gerfen, Miyachi et al. 2002). Nonetheless,
these results support supersensitive D1R-mediated cAMP signaling in DRD mice.

DI1R-activation did not affect c-Fos expression in the striatum of normal or DRD mice.
This is somewhat surprising given expression of c-Fos can be induced downstream of PKA
activation (Andersson, Konradi et al. 2001). While p-ERK was increased in DRD mice, there
was not a parallel increase in c-Fos expression. However, in both the 6-OHDA-lesioned rodent
model (Gerfen, Keefe et al. 1995, Berke, Paletzki et al. 1998, Gerfen, Miyachi et al. 2002) and
the DD mouse model (Kim, Szczypka et al. 2000), D1R-mediated expression of c-Fos is
abnormally elevated and is associated with ERK phosphorylation (Kim, Szczypka et al. 2000,
Gerfen, Miyachi et al. 2002, Kim, Palmiter et al. 2006). These differences suggest dopamine-
mediated c-Fos expression may reflect abnormal signaling pathways that may distinguish
dystonia from other dopamine deficient models in which dystonia is not observed.

One limitation is that [ used a low dose of SKF 81297 for these experiments. This dose
was used because it has been previously shown to alleviate abnormal movements in DRD mice
(Rose, Yu et al. 2015). The absence of p-ERK in the ventral striatum of normal mice may also be

attributable to the use of a low dose of SKF 81297. Further, higher doses of SKF 81297 may
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reveal greater supersensitivity in D1R-mediated signaling and ultimately induce c-Fos expression

in the dorsal striatum of DRD mice.

3.5.4. D2R-mediated signaling

D2R-antagonism increased striatal c-Fos expression in predominately D2R-MSNs in normal
mice, but not in DRD mice. This is consistent with previous results showing an increase in c-Fos
expression following treatment with the D2R antagonist, haloperidol, in normal mice
(Dragunow, Robertson et al. 1990, Robertson and Fibiger 1992).

D2R-antagonism may induce c-Fos in D2R-MSNs by allowing unopposed adenosine
A2A receptor (A2AR)-mediated signaling (Agnati, Ferre et al. 2003). A2ARs are expressed on
D2R-MSNs and may induce c-Fos via activation of the cAMP-PKA signaling, which under
normal conditions is restrained by the tonic inhibitory effect of D2Rs (Schiffmann, Fisone et
al. 2007). Therefore, in DRD mice, the reciprocal relationship between D2Rs and A2ARs may be
dysregulated. Specifically, the failure of D2R-antagonism to induce c-Fos expression may be due
to insufficient postsynaptic inhibitory D2R-mediated tone in DRD mice. This hypothesis is
supported by previous work that showed D2R-stimulated adenylate cyclase activity is blunted in
striatal homogenates of DRD mice compared to normal mice (Rose, Yu et al. 2015).

While expression of c-Fos in response to raclopride treatment predominately occurred in
D2R-MSNs of normal mice, expression of c-Fos also occurred in DIR-MSNs. D2R-antagonism
may also affect D2 autoreceptors on nigrostriatal terminals and/or through blockade of D2Rs on
corticostriatal terminals (Dragunow, Robertson et al. 1990). Disinhibition of both corticostriatal

and nigrostriatal inputs may account for the increase in c-Fos in DIR-MSNs. The exact
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mechanism by which D2R-antagonism increases c-Fos in normal mice is not known; however,
these results suggest that D2R signaling is blunted in DRD mice.

D2R-antagonism induced ERK phosphorylation in the ventral striatum of normal, but not
DRD, mice. This finding is consistent with previous work that has shown D2R-antagonism
induces p-ERK in the dopamine-intact, but not depleted, striatum of 6-OHDA-lesioned rodents
(Gerfen, Miyachi et al. 2002). However, it is somewhat surprising that D2R-antagonism did not
affect ERK phosphorylation in the dorsal striatum in normal mice, as has been previously shown
(Gerfen, Miyachi et al. 2002). Examining ERK phosphorylation 15 min following D2R
antagonism, as occurred in the aforementioned study, may reveal similar effects and allow for

further determination regarding dysregulated D2R-mediated signaling in DRD mice.

3.5.5. Implications of blunted D2R inhibition in DRD mice

D2R-mediated signaling has been relatively unexplored in animal models of dopamine depletion,
so it is difficult to discern how blunted D2R inhibition in DRD mice may distinguish dystonia
from other dopamine deficiencies that do not lead to dystonia. However, previous work has
shown that antagonism of D2Rs fails to induce p-ERK in the dopamine-depleted striatum of 6-
OHDA-lesioned rats (Gerfen, Miyachi et al. 2002), which suggests D2R-mediated signaling is
sensitive to deficiencies in dopamine signaling.

Dysregulations in D2R-mediated signaling in DRD mice may underlie the expression of
dystonia. Specifically, D2R antagonism worsens dystonia, and dysregulations in reciprocal D2R-
and A2AR- mediated signaling may inform our understanding of this effect (Rose, Yu et al.
2015). Under normal conditions, D2Rs exert a tonic inhibitory effect, which restrains the

ability of Goolf-coupled A2ARs to activate the cAMP-PKA signaling (Schiffmann, Fisone et
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al. 2007). If D2Rs are blunted, then there are likely compensatory mechanisms in A2AR-
mediated signaling to account for the lack of aberrant cAMP-PKA signaling, as evidenced by
the low baseline levels of PKA activity, ERK phosphorylation, and c-Fos expression observed in
the striatum of DRD mice. In order to determine whether the balance of D2R- and A2AR-
mediated intracellular signaling affects dystonia, future studies can test if activation of A2ARs

worsens dystonia, or conversely whether antagonism of A2ARs alleviates dystonia.

3.5.6. Conclusions
The development of dystonia is likely the result of dopamine depletion along with very specific
abnormalities in dopamine-mediated signaling pathways. DRD mice showed supersensitive
DI1R-mediated signaling, similar to what is observed in other animal models of dopamine
depletion. However, further assessments regarding D1R-mediated expression of c-Fos may
ultimately reveal alterations in D1R-mediated signaling pathways that are unique to dystonia.
D2R-mediated signaling is blunted or abolished in DRD mice. As discussed, D2R-
antagonism may alter multiple D2R-mediated signaling pathways including blockade of D2
autoreceptors on nigrostriatal terminals and/or through blockade of D2Rs on corticostriatal
terminals (Dragunow, Robertson et al. 1990). Future experiments aimed at determining which
D2R-mediated mechanisms underlie D2R-antagonism induced c-Fos are necessary.
Understanding the precise nature of D2R-mediated signaling, and reciprocal regulation via

A2AR-mediated signaling, may inform our understanding of dystonia.
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Chapter 4: Determining the therapeutic mechanism of L-DOPA in a mouse model of

DOPA -responsive dystonia

4.1. Abstract

The work in this chapter identifies L-DOPA-induced postsynaptic intracellular signaling
cascades in the DRD mouse striatum. Immunohistochemistry was used to examine changes in L-
DOPA-mediated regulation of PKA activity, ERK phosphorylation, and c-Fos expression in the
striatum of normal and DRD mice. Here I demonstrated that L-DOPA treatment induced striatal
PKA activity, ERK phosphorylation, and c-Fos expression in DIR-MSNs throughout the
striatum of DRD mice compared to normal mice. Further, L-DOPA-induced ERK
phosphorylation was elevated in the dorsomedial striatum compared to the dorsolateral striatum
of DRD mice. L-DOPA-induced signaling alterations, specifically the regional differences in
ERK phosphorylation, may reflect an anti-dystonic mechanism. Understanding the mechanism
by which L-DOPA induces alterations in signaling pathways may allow for the identification of
novel drug targets for dystonias that arise from other etiologies for which there are no effective

treatments.
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4.2. Introduction
L-DOPA is highly effective at alleviating dystonia in patients with DOPA-responsive dystonia.
An abnormal reduction in dopamine neurotransmission is implicated in many forms of dystonia.
Therefore, understanding the therapeutic mechanism of L-DOPA may uncover anti-dystonic
mechanisms that could serve as drug targets for dystonias that arise from other etiologies for
which there are no effective treatments. Because DRD mice have face, etiologic, and predictive
validity, this model may be useful to uncover the mechanism(s) underlying the therapeutic
efficacy of L-DOPA (Rose, Yu et al. 2015). Identification of a therapeutic mechanism of L-
DOPA would also support the development of more selective small molecules to treat dystonia.
Evidence from DRD mice suggests changes in postsynaptic striatal intracellular signaling
cascades may underlie the therapeutic mechanism of L-DOPA. Indeed, microinjection of L-
DOPA directly into the striatum ameliorates dystonia in DRD mice, but cerebellar
microinjections had no effect (Rose, Yu et al. 2015). To examine the postsynaptic intracellular
signaling cascades that may underlie the therapeutic mechanism of L-DOPA, I utilized
immunohistochemistry to assess L-DOPA-mediated changes in 1) PKA activity using an indirect
assessment of PKA substrate phosphorylation, 2) ERK phosphorylation, and 3) c-Fos expression

in the striatum of normal and DRD mice.

4.3. Methods

Mice. Male and female adult (3-6 month) mice homozygous for the c¢.1160C>A Th mutation
(DRD:; drd/drd) and littermates carrying two wild-type alleles (normal; +/+) were used for all
experiments and were previously described (Chapter 3). Christine Donsante, MS, generated all

mice used in all experiments described. Housing conditions were in accordance with Emory
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University’s Institutional Animal Care and Use Committee (IACUC). The light period was 7am
to 7pm. All procedures were conducted in accordance with Emory’s IACUC and Division of
Animal Resources guidelines and were approved by IACUC. Mice were maintained as

previously described (Rose, Yu et al. 2015).

Drug challenges. Drugs were injected s.c. in saline (0.9% NaCl) in a volume of 10 ml/kg unless
otherwise noted. L-DOPA was obtained from Sigma-Aldrich (St. Louis, MO). L-DOPA (10
mg/kg) at the dose selected was chosen because it has previously been shown to alleviate
dystonia in DRD mice (Rose, Yu et al. 2015). Mice were treated with drug between 12-4 pm and

were sacrificed 45 min later.

Immunohistochemistry. Immunohistochemistry (bright-field and immunofluorescence) was

performed as previously described (Chapter 2 and 3).

Image analysis and cell counts. Bright-field immunohistochemistry and immunofluorescence

was analyzed as previously described (Chapter 2 and 3).

Statistics. Prism 8 was used for all analyses. Detailed statistical results are presented in the
figure legends. Counts of p-PKA-sub, p-ERK and c-Fos positive cells per square mm in
dorsomedial and dorsolateral striatum were analyzed using a treatment x region x genotype
ANOVA, whereas results in ventral striatum were analyzed using a two-way treatment x

genotype ANOVA.
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4.4. Results

4.4.1. L-DOPA-induced p-PKA-sub immunoreactivity

To examine postsynaptic intracellular signaling cascades that may underlie the therapeutic
mechanism of L-DOPA, the effects of L-DOPA treatment on p-PKA-sub immunoreactivity in
dorsomedial and dorsolateral striatum of normal and DRD mice were assessed. The effects of L-
DOPA treatment on p-PKA-sub immunoreactivity in the ventral striatum of normal and DRD
mice were also assessed.

Compared to saline treatment, L-DOPA treatment increased p-PKA-sub
immunoreactivity in the dorsomedial and dorsolateral striatum of DRD but not normal mice
(treatment x genotype interaction effect, p < 0.05; Figure 4.1A). Dual immunofluorescence in the
dorsomedial (Figure 4.1C) and dorsolateral (data not shown) striatum of a DRD mouse revealed
L-DOPA-induced p-PKA-sub immunoreactivity was not expressed in D2R-MSNs. In ventral
striatum, there was a trend for a main effect of genotype (p = 0.09; Figure 4.1B) with increased
p-PKA-sub immunoreactivity observed in DRD mice. These results suggest that in DRD mice,

PKA-mediated signal transduction pathways in D1R-MSNs are supersensitive.
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Figure 4.1. Effects of L-DOPA treatment on striatal p-PKA-sub immunoreactivity in normal and

DRD mice. (A) p-PKA-sub immunoreactivity in L-DOPA- and saline-treated normal and DRD mice in

dorsomedial and dorsolateral striatum was tested using a three-way genotype x treatment X region

ANOVA. Compared to saline treatment, L-DOPA treatment increased p-PKA-sub immunoreactivity in

the dorsomedial and dorsolateral striatum of DRD but not normal mice [treatment X genotype interaction

effect, F (1, 48) = 6.33, p < 0.05]. (B) In ventral striatum, p-PKA-sub immunoreactivity in L-DOPA- and

saline-treated normal and DRD mice was tested with a two-way ANOVA. There was a trend for increased

p-PKA-sub immunoreactivity observed in DRD mice [trend for a main effect of genotype, F (1, 23) =

3.10, p = 0.09]. Values represent mean + SEM; n = 6-8/group. (C) Dual immunofluorescence from the

dorsomedial striatum of a DRD mouse revealed L-DOPA-induced p-PKA-sub immunoreactivity was not

expressed in D2R-MSNs.
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4.4.2.1L.-DOPA-induced p-ERK immunoreactivity

The effects of L-DOPA treatment on p-ERK immunoreactivity in dorsomedial, dorsolateral, and
ventral striatum of normal and DRD mice were assessed. Compared to saline treatment, L-DOPA
treatment induced greater p-ERK immunoreactivity in the dorsolateral, and to a greater extent,
the dorsomedial, striatum in DRD but not normal mice (treatment x region X genotype
interaction effect, p < 0.0001; Figure 4.2A). Dual immunofluorescence from the dorsomedial
(Figure 4.2C) and dorsolateral (data not shown) striatum of a DRD mouse revealed L-DOPA-
induced p-ERK immunoreactivity was not expressed in D2R-MSNs. Similarly in ventral
striatum, L-DOPA induced greater p-ERK immunoreactivity in DRD but not normal mice
(treatment x genotype interaction effect, p < 0.0001; Figure 4.2B). These results suggest that in
DRD mice, L-DOPA induces p-ERK throughout the striatum but preferentially in the

dorsomedial striatum within D1R-MSNs.
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Figure 4.2. Effects of L-DOPA treatment on striatal p-ERK immunoreactivity in normal and DRD

mice. (A) p-ERK immunoreactivity in L-DOPA- and saline-treated normal and DRD mice in dorsomedial

and dorsolateral striatum was tested using a three-way genotype x treatment x region ANOVA. Compared

to saline treatment, L-DOPA treatment induced p-ERK immunoreactivity in the dorsolateral, and to a

greater extent, the dorsomedial, striatum in DRD but not normal mice [treatment X region X genotype

interaction effect, F (1, 50) = 19.90, p < 0.0001]. (B) In ventral striatum, p-ERK immunoreactivity in L-

DOPA- and saline-treated normal and DRD mice was tested with a two-way ANOVA. L-DOPA induced

p-ERK immunoreactivity in DRD but not normal mice [treatment X genotype interaction effect, F (1, 25)

=33.03, p < 0.0001]. Values represent mean + SEM; n = 7-8/group. (C) Dual immunofluorescence from

the dorsomedial striatum of a DRD mouse revealed L-DOPA-induced p-ERK immunoreactivity was not

expressed in D2R-MSNs.
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4.4.3. L-DOPA-induced c-Fos immunoreactivity

The effects of L-DOPA treatment on c-Fos immunoreactivity in dorsomedial, dorsolateral, and
ventral striatum of normal and DRD mice were assessed. Compared to saline treatment, L-DOPA
treatment increased c-Fos immunoreactivity in the dorsomedial and dorsolateral striatum of DRD
but not normal mice (treatment x genotype interaction effect, p < 0.01; Figure 4.3A). There were
no regional differences in c-Fos expression. Dual immunofluorescence from the dorsomedial
(Figure 4.3C) and dorsolateral (Figure 4.3D) striatum of a DRD mouse revealed L-DOPA-
induced c-Fos immunoreactivity was not expressed in D2R-MSNs. Similarly in ventral striatum,
L-DOPA treatment compared to saline treatment increased c-Fos immunoreactivity in DRD but
not normal mice (treatment x genotype interaction effect, p < 0.01; Figure 4.3B). The results
suggest that in DRD mice, L-DOPA induces c-Fos expression throughout the striatum in D1R-

MSNSs.
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Figure 4.3. Effects of L-DOPA treatment on striatal c-Fos immunoreactivity in normal and DRD

mice. (A) c-Fos immunoreactivity in L-DOPA- and saline-treated normal and DRD mice in dorsomedial

and dorsolateral striatum was tested using a three-way genotype x treatment x region ANOVA. Compared

to saline treatment, L-DOPA treatment increased c-Fos immunoreactivity in the dorsomedial and

dorsolateral striatum of DRD but not normal mice [treatment X genotype interaction effect, F (1, 50) =

9.01, p < 0.01]. (B) In ventral striatum, c-Fos immunoreactivity in L-DOPA- and saline-treated normal

and DRD mice was tested with a two-way ANOVA. L-DOPA treatment compared to saline treatment
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increased c-Fos immunoreactivity in DRD but not normal mice [treatment x genotype interaction effect, F
(1,25) =9.76, p < 0.01]. Values represent mean + SEM; n = 7-8/group. Dual immunofluorescence from
the dorsomedial (C) and dorsolateral (D) striatum of a DRD mouse revealed L-DOPA-induced c-Fos

immunoreactivity was not expressed in D2R-MSN:ss.

4.4.3. Correlation of L-DOPA-induced p-PKA-sub, p-ERK, and c-Fos immunoreactivity
L-DOPA treatment increased immunoreactivity of p-PKA-sub, p-ERK, and c-Fos
immunoreactivity in DRD mice only. To examine whether increases in p-PKA-sub, p-ERK, and
c-Fos immunoreactivity were related, I determined whether L-DOPA-induced p-PKA-sub, p-
ERK and, and c-Fos immunoreactivity were correlated in the dorsomedial and dorsolateral
striatum of DRD mice. No significant correlations were observed (Figure 4.4A-E) except for L-
DOPA-induced p-ERK and c-Fos immunoreactivity in the dorsolateral striatum (p < 0.05; Figure
4 4F). Overall, L-DOPA-induced PKA activity, ERK phosphorylation, and c-Fos expression may

be independently or differentially regulated in the dorsal striatum of DRD mice.
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Figure 4.4. Correlation of p-PKA-sub, p-ERK and, and c-Fos immunoreactivity following L-DOPA
treatment in DRD mice. L-DOPA-induced p-PKA-sub and p-ERK immunoreactivity in the (A)
dorsolateral striatum [r(7) = -0.08, p > 0.1] and (B) dorsolateral striatum [r(7) = 0.27, p > 0.1] were not

correlated. L-DOPA-induced p-PKA-sub and c-Fos immunoreactivity in the (C) dorsomedial striatum
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[r(7) = 0.46, p > 0.1] and the (D) dorsolateral striatum [r(7) = 0.04, p > 0.1] were not correlated. L-
DOPA-induced p-ERK and c-Fos immunoreactivity in the (E) dorsomedial striatum [r(7) = 0.57,p > 0.1]
were not correlated, but L-DOPA-induced p-ERK and c-Fos immunoreactivity in the (F) dorsolateral

striatum [r(7) = 0.86, p < 0.05] were correlated.

4.5. Discussion

I identified L-DOPA-induced postsynaptic intracellular signaling cascades in the DRD mouse
striatum. Here I demonstrated that L-DOPA treatment induced striatal PKA activity, ERK
phosphorylation, and c-Fos expression in DIR-MSNs throughout the striatum of DRD mice. L-
DOPA-induced ERK phosphorylation was elevated in the dorsomedial striatum compared to the
dorsolateral striatum of DRD mice.

L-DOPA treatment had no effect on the assessed postsynaptic intracellular signaling
cascades in the normal mouse striatum. This is not surprising given previous studies have shown
that L-DOPA treatment does not induce ERK phosphorylation or c-Fos expression in normal
animals (Kim, Szczypka et al. 2000, Westin, Vercammen et al. 2007). This is likely due to the
fact the L-DOPA treatment does not increase striatal dopamine release in normal mice (Downs,

Fan et al. 2019).

4.5.1 L-DOPA-induced postsynaptic intracellular signaling cascades

In DRD mice, L-DOPA induced PKA activity in the dorsal striatum in D1R-MSNs, and there
was a trend for increased PKA activity in the ventral striatum. Adenylate cyclase is necessary for
the synthesis of cAMP and subsequent PKA-mediated signaling, so these results are consistent
with previous findings that show D1R-stimulated adenylate cyclase activity is potentiated in

striatal homogenates of DRD mice compared to normal mice (Rose, Yu et al. 2015) and
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consistent with my findings in Chapter 3 (Figure 3.5) that D1R-activation stimulates PKA
activity in D1R-MSNs throughout the striatum of DRD mice. These results further support that
DI1R-mediated cAMP signaling is supersensitive in DRD mice.

In DRD mice, ERK phosphorylation was increased in D1R-MSNs predominately in the
dorsomedial striatum following L-DOPA treatment. This is consistent with that fact that in DRD
mice, there was a moderate increase in p-ERK in response to D1R-activation that was greatest in
dorsomedial striatum (Chapter 3, Figure 3.6). Increased ERK phosphorylation in response to L-
DOPA has also been shown to develop after prolonged absence of dopaminergic input, as
observed in the 6-OHDA-lesioned (Westin, Vercammen et al. 2007, Darmopil, Martin et al.
2009, Santini, Alcacer et al. 2009) and DD (Kim, Szczypka et al. 2000) models. In the 6-OHDA-
lesioned model, ERK phosphorylation is also restricted to DIR-MSNS (Darmopil, Martin et al.
2009, Santini, Alcacer et al. 2009).

Expression of c-Fos was increased following L-DOPA treatment selectively in DI1R-
MSNs throughout the striatum of DRD mice. D1R-activation did not induce c-Fos expression in
the striatum of DRD mice (Chapter 3, Figure 3.8); however, these seemingly discrepant finding
may be due to the enhanced ERK phosphorylation following L-DOPA treatment that was not
observed after D1R-activation alone. L-DOPA-induced p-ERK and c-Fos immunoreactivity in
the dorsolateral striatum were positively correlated, which is consistent with studies showing
DI1R-mediated expression of c-Fos is associated with ERK phosphorylation in the dopamine-
depleted striatum (Gerfen, Keefe et al. 1995, Berke, Paletzki et al. 1998, Kim, Szczypka et al.
2000, Gerfen, Miyachi et al. 2002, Kim, Palmiter et al. 2006). However, ERK phosphorylation
was not correlated with c-Fos expression in the dorsomedial striatum where L-DOPA-induced p-

ERK was the greatest. Alterations in nondopaminergic striatal inputs including corticostriatal
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glutamatergic signaling may also directly regulate c-Fos expression (Schwarzschild, Cole et al.

1997).

4.5.2. Regional differences in L-DOPA-induced ERK phosphorylation

L-DOPA induced greater ERK phosphorylation in the dorsomedial striatum compared to the
dorsolateral striatum of DRD mice. This is consistent with the baseline regional differences in p-
ERK observed in normal and DRD mice (Chapter 3). Greater p-ERK was observed in the
dorsomedial compared to the dorsolateral striatum in normal and DRD mice. Additionally, DIR-
activation induced greater levels of p-ERK in the dorsomedial compared to the dorsolateral
striatum (Chapter 3). Previous work has shown amphetamine-induced c-Fos expression in D1R-
and D2R-MSNs was greatest in the dorsomedial striatum (Ren, Guo et al. 2017). This suggests
that the dorsomedial striatum may be sensitive to differential dopamine regulation.

As discussed (Chapter 2), it is, perhaps, not surprising that the distribution of ERK
phosphorylation is not uniform across the striatum. Glutamatergic inputs to the striatum project
in a somatotopic manner forming segregated loops and distinct functional territories within the
striatum (Redgrave, Rodriguez et al. 2010, Hintiryan, Foster et al. 2016, Anderson, Krienen et al.
2018). The dorsomedial striatum, which is responsible for cognitive function and goal-directed
behavior, receives input from cortical regions responsible for associative functions (Redgrave,
Rodriguez et al. 2010, Graybiel and Grafton 2015). In fact, ERK phosphorylation in the rat
posterior dorsomedial striatum was shown to be necessary for the encoding and performance of
goal-directed actions (Shiflett, Brown et al. 2010). This suggests that abnormalities in goal-
directed behavior may underlie dystonia. Interestingly, motor symptoms in Parkinson’s disease

have been associated with the reliance on a goal-directed mode of action due to progressive
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degeneration of lateral sections of the caudate putamen, which are associated with habitual
behavior (Redgrave, Rodriguez et al. 2010). This not only supports that the differences in ERK
phosphorylation have functional correlates, but that the abnormalities in striatal subdivisions may
be specific to dystonia

In contrast to DRD mice, in the 6-OHDA-lesioned model, L-DOPA-induced p-ERK was
uniform throughout the striatum; however, only subregions of the dorsomedial and dorsolateral
striatum were assessed (Westin, Vercammen et al. 2007). This suggests that while D1R
sensitivity may occur in response to dopamine depletion, the regional differences in D1R
sensitivity are specific to dystonia. Both L-DOPA treatment and D1R-activation induced greater
ERK phosphorylation in the dorsomedial striatum, which suggests postsynaptic supersensitive
DI1Rs may mediate this effect. However, the regional differences in ERK phosphorylation may
be due to a variety of striatal abnormalities. In DRD mice, L-DOPA-induced PKA activity was
not correlated with L-DOPA-induced ERK phosphorylation, whereas PKA activity and ERK
phosphorylation induced by D1R-activation were positively in the dorsomedial striatum (Chapter
3, Figure 3.7). This finding may be due to that fact that PKA activity does not directly
phosphorylate ERK, and may reflect the contribution of other neurotransmitter systems.
Additional experiments assessing the contribution of pre- and post-synaptic effects of L-DOPA-
mediated signaling are needed to determine the underlying mechanism and significance of

regional differences in ERK phosphorylation.

4.5.3. Conclusions
L-DOPA-induced striatal PKA activity, ERK phosphorylation, and c-Fos expression may reflect

an anti-dystonic mechanism. Understanding the mechanism of L-DOPA-induced postsynaptic



91

intracellular signaling cascades in DRD mice, specifically the regional differences in ERK
phosphorylation may reveal striatal subdivisions that play an important role in the expression of

dystonia.
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Chapter 5: Determining the role of D1Rs and D2Rs in the therapeutic mechanism of L-

DOPA in a mouse model of DOPA-responsive dystonia

5.1. Abstract

Here I examined the role of D1Rs and D2Rs in L-DOPA-mediated signaling in the dorsal
striatum. Specifically, to determine the role of D1R and D2R signaling in L-DOPA-mediated
signaling, DIRs or D2Rs were blocked in the presence of L-DOPA, and immunohistochemistry
was used to examine changes in PKA activity, ERK phosphorylation, and c-Fos expression in the
dorsal striatum of normal and DRD mice. To determine the role of D1R and D2R signaling in the
therapeutic efficacy of L-DOPA, D1Rs and/or D2Rs were blocked in the presence of L-DOPA
and abnormal movements and locomotor activity were assessed. I demonstrated that in DRD
mice, L-DOPA-induced supersensitivity in D1R-MSNs is mediated by D1Rs and PKA activity
was also regulated by D2Rs. Further, DIR antagonism and D2R antagonism separately did not
abolish L-DOPA-induced alleviation of abnormal movements; however, combined D1R and
D2R antagonism blocked, in part, L-DOPA-induced alleviation of abnormal movements. Future
studies assessing abnormal D1R and D2R signaling may ultimately uncover the mechanism

underlying dystonia in DRD mice.
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5.2. Introduction

Understanding the therapeutic mechanism of L-DOPA may uncover anti-dystonic mechanisms
for the treatment of many forms of dystonia that arise from other etiologies for which there are
no effective treatments. L-DOPA functions as an indirect D1R and D2R agonist, so while the
precise dystonic, and thus anti-dystonic, mechanisms are unknown, D1R- and D2R-mediated
signaling pathways likely contribute to the therapeutic mechanism of L-DOPA.

In DRD mice, L-DOPA treatment induced striatal PKA activity, ERK phosphorylation,
and c-Fos expression in DIR-MSNss in the dorsal and ventral striatum. Given the dorsal striatum
is predominantly involved in motor control, and L-DOPA-mediated supersensitivity in D1R-
MSNss did not differ in dorsal and ventral striatum, the role of D1Rs and D2Rs in L-DOPA-
mediated signaling in the dorsal striatum were assessed. Specifically, I utilized
immunohistochemistry to examine the role D1R and D2R signaling in L-DOPA-mediated
changes in 1) PKA activity using an indirect assessment of PKA substrate phosphorylation, 2)
ERK phosphorylation, and 3) c-Fos expression in the dorsal striatum of normal and DRD mice.
To determine the role of DIR and D2R signaling in the therapeutic efficacy of L-DOPA, DIRs
and/or D2Rs were blocked in the presence of L-DOPA and abnormal movements and locomotor

activity were assessed.

5.3. Methods

Mice. Male and female adult (2-6 month) mice homozygous for the c¢.1160C>A Th mutation

(DRD:; drd/drd) and littermates carrying two wild-type alleles (normal; +/+) were used for all
experiments and were previously described (Chapter 3). Kaitlyn Roman, a Neuroscience PhD

candidate, and Christine Donsante, MS, generated all mice used in the experiments
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described. Housing conditions were in accordance with Emory University’s Institutional Animal
Care and Use Committee (IACUC). The light period was 7am to 7pm. All procedures were
conducted in accordance with Emory’s IACUC and Division of Animal Resources guidelines
and were approved by IACUC. Mice were maintained as previously described (Rose, Yu et al.

2015).

Locomotor and behavioral assessment. Mice were tested in a behavioral suite separate from
the location of home cages. Prior to all testing periods, mice were habituated to the behavior
suite for > 3 hrs. Locomotor activity was tested in automated photocell activity cages (29 x 50
cm), each equipped with 12 infrared beams arranged in a 4 x 8 grid (San Diego Instruments; San
Diego, CA) and a computer recorded beam breaks per 5 min time bins for the duration of the test
period. For drug challenges, testing began at 2 pm, and locomotor activity was recorded
immediately after injection for 70 min. Abnormal movements were assessed in parallel to the
recording of locomotor activity. Abnormal movement assessment began 10 min after injection
and was assessed as previously described (Chapter 3). Behavioral scorers were blinded to

treatment.

Drug challenges. To determine the role of D1R and D2R signaling in L-DOPA-mediated
signaling in the dorsal striatum, D1Rs or D2Rs were blocked by pretreatment with the D1-like
receptor antagonist, SCH 23390 hydrochloride (SCH 23390) or the D2R antagonist, raclopride
(both obtained from Tocris Biosciences; Minneapolis, MN) in the presence of L-DOPA treatment
and immunohistochemistry was used to examine changes in PKA activity, ERK phosphorylation,

and c-Fos expression in the dorsal striatum of normal and DRD mice. To determine the role of
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DIR and D2R signaling in the therapeutic efficacy of L-DOPA, D1Rs and/or D2Rs were blocked
by pretreatment with SCH 23390 and/or raclopride in presence of L-DOPA treatment and
abnormal movements and locomotor activity were assessed. Drug doses were chosen based on
previous reports demonstrating they are behaviorally active in DRD mice. L-DOPA (10 mg/kg)
at the dose selected was chosen because it has previously been shown to alleviate dystonia in
DRD mice (Rose, Yu et al. 2015). SCH 23390 (1 mg/kg) and raclopride (1 mg/kg) at the doses
selected worsen dystonia in DRD mice (Rose, Yu et al. 2015). Drugs were injected s.c. in saline
(0.9% NaCl) in a volume of 10 ml/kg unless otherwise noted. L-DOPA was obtained from
Sigma-Aldrich (St. Louis, MO). In experiments where mice were administered a pretreatment
and treatment drug, the pretreatment drug was administered 10 min prior to treatment drug. For
locomotor and behavioral assessments, mice were given at least a 4-day drug washout between
drug challenges. For terminal experiments, mice were treated with drug between 12-4 pm and

were sacrificed 45 min later.

Immunohistochemistry. Bright-field immunohistochemistry was performed as previously

described (Chapter 2 and 3).

Image analysis and cell counts. Bright-field immunohistochemistry was analyzed as previously

described (Chapter 2 and 3).

Statistics. Prism 8 was used for all analyses. Detailed statistical results are presented in the
figure legends. The effects of pretreatment condition (SCH 23390 or raclopride) on L-DOPA-

mediated p-PKA-sub, p-ERK and c-Fos positive cells counts per square mm for each striatal
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region were determined using a treatment x region ANOVA with Holm-Sidak post hoc analyses
where appropriate. The effects of pretreatment condition (SCH 23390, raclopride, or SCH 23390
plus raclopride) on L-DOPA-mediated abnormal movements and locomotor activity were

analyzed using a one-way ANOVA with Holm-Sidak post hoc analyses where appropriate

54. Results

5.4.1.Role of D1Rs in L-DOPA-induced abnormal striatal signaling in DRD mice

To determine whether DIR signaling mediates L-DOPA-induced PKA activity, the effects of
SCH 23390 pretreatment on L-DOPA-induced p-PKA-sub immunoreactivity in dorsomedial and
dorsolateral striatum were assessed. There were no differences in p-PKA-sub immunoreactivity
between DRD mice treated with saline or SCH 23390 (data not shown). As described in Chapter
4 (Figure 4.1), in DRD mice, L-DOPA treatment alone, compared to saline treatment, increased
p-PKA-sub immunoreactivity [main effect of treatment, F (2,28) =5.15, p <0.05; p < 0.05
Holm-Sidak post hoc analysis L-DOPA vs saline; Figure 5.1A]. Pretreatment with SCH 23390
blocked the effects of L-DOPA (p < 0.05 Holm-Sidak post hoc analysis L-DOPA vs SCH 23390
plus L-DOPA; Figure 5.1A).

Similarly, to determine whether DIR signaling mediates L-DOPA-induced ERK
phosphorylation, the effects of SCH 23390 pretreatment on L-DOPA-induced p-ERK
immunoreactivity in dorsomedial and dorsolateral striatum were assessed. There were no
differences in p-ERK immunoreactivity between DRD mice treated with saline or SCH 23390
(data not shown). As previously shown in Chapter 4 (Figure 4.2), L-DOPA induced greater p-
ERK immunoreactivity in the dorsomedial compared to the dorsolateral striatum of DRD mice

[treatment X region interaction effect, F (2, 30) = 13.70, p < 0.0001; Figure 5.1B]. In DRD mice
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treated with L-DOPA alone, p-ERK immunoreactivity was increased compared to DRD mice
treated with saline (p < 0.0001 Holm-Sidak post hoc analysis L-DOPA vs saline; Figure 5.1B).
SCH 23390 treatment blocked L-DOPA-induced p-ERK immunoreactivity in dorsomedial and
dorsolateral striatum (p < 0.0001 Holm-Sidak post hoc analysis L-DOPA vs SCH 23390 plus L-
DOPA; Figure 5.1B).

The effects of SCH 23390 pretreatment on L-DOPA-induced c-Fos immunoreactivity in
dorsomedial and dorsolateral striatum were assessed in order to determine whether D1R
signaling mediates L-DOPA-induced c-Fos expression. There were no differences in c-Fos
immunoreactivity between DRD mice treated with saline or SCH 23390 (data not shown). In
DRD mice treated with L-DOPA alone, c-Fos immunoreactivity was increased compared to
DRD mice treated with saline [main effect of treatment, F (2, 30) = 6.88,p <0.01; p<0.01
Holm-Sidak post hoc analysis L-DOPA vs saline; Figure 5.1C]. This effect was previously
shown in Chapter 4 (Figure 4.3). SCH 23390 treatment blocked the effects of L-DOPA (p < 0.05
Holm-Sidak post hoc analysis L-DOPA vs SCH 23390 plus L-DOPA; Figure 5.1C). Overall,
these results demonstrate that in the dorsal striatum, D1Rs mediate L-DOPA-induced increases in

p-PKA-sub, p-ERK, and c-Fos immunoreactivity.
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Figure 5.1. Effects of SCH 23390 pretreatment on L-DOPA-induced abnormal striatal signaling in
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DRD mice. p-PKA-sub (A), p-ERK (B), and c-Fos (C) immunoreactivity in DRD mice treated with
saline, L-DOPA, or SCH 23390 + L-DOPA (SCH + L-DOPA) in dorsomedial and dorsolateral striatum
was tested with a treatment x region ANOVA with Holm-Sidak post hoc analyses where appropriate.
Results for dorsomedial and dorsolateral striatum are shown combined (dorsal striatum). (A) L-DOPA
treatment increased p-PKA-sub immunoreactivity [main effect of treatment, F (2, 28) = 5.15,p <0.05; p
< 0.05 post hoc analysis L-DOPA vs saline]. Pretreatment with SCH 23390 blocked the effects of L-
DOPA (p < 0.05 post hoc analysis L-DOPA vs SCH + L-DOPA). (B) L-DOPA treatment induced greater
p-ERK immunoreactivity in the dorsomedial compared to the dorsolateral striatum of DRD mice
[treatment x region interaction effect, F (2, 30) = 13.70, p < 0.0001]. p-ERK immunoreactivity was
increased following L-DOPA treatment (p < 0.0001 post hoc analysis L-DOPA vs saline). SCH 23390
treatment blocked L-DOPA-induced striatal p-ERK immunoreactivity (p < 0.0001 post hoc analysis L-
DOPA vs SCH + L-DOPA). (C) L-DOPA treatment increased c-Fos immunoreactivity [main effect of
treatment, F (2, 30) = 6.88,p < 0.01; p < 0.01 post hoc analysis L-DOPA vs saline]. SCH 23390 treatment
blocked the effects of L-DOPA (p < 0.05 post hoc analysis L-DOPA vs SCH + L-DOPA). Values

represent mean + SEM; *p < 0.05, ****p < 0.0001; n = 4-7/group.

5.4.2. Role of D2Rs in L-DOPA-induced abnormal striatal signaling in DRD mice

To determine whether D2R signaling mediates L-DOPA-induced PKA activity, the effects of
raclopride pretreatment on L-DOPA-induced p-PKA-sub immunoreactivity in dorsomedial and
dorsolateral striatum were assessed. There were no differences in p-PKA-sub immunoreactivity
between DRD mice treated with saline or raclopride (data not shown). As shown previously, in
DRD mice treated with L-DOPA alone, p-PKA-sub immunoreactivity was increased compared to
DRD mice treated with saline [main effect of treatment, F (2, 28) =4.56, p < 0.05; p <0.05

Holm-Sidak post hoc analysis L-DOPA vs saline; Figure 5.2A]. Pretreatment with raclopride
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blocked the effects of L-DOPA (p < 0.05 Holm-Sidak post hoc analysis L-DOPA vs raclopride
plus L-DOPA; Figure 5.2A).

The effects of raclopride pretreatment on L-DOPA-induced p-ERK immunoreactivity in
dorsomedial and dorsolateral striatum were assessed in order to determine whether D2R
signaling mediates L-DOPA-induced ERK phosphorylation. There were no differences in p-ERK
immunoreactivity between DRD mice treated with saline or raclopride (data not shown). As
shown previously, in DRD mice, L-DOPA induced greater p-ERK immunoreactivity in the
dorsomedial striatum compared to the dorsolateral striatum [treatment x region interaction effect,
F (2,30)=7.047,p <0.01; p <0.0001 Holm-Sidak post hoc analysis L-DOPA vs saline; Figure
5.2B]. There was a trend for raclopride treatment to reduce L-DOPA-induced p-ERK
immunoreactivity in the dorsal striatum (p = 0.06 Holm-Sidak post hoc analysis L-DOPA vs
raclopride plus L-DOPA; Figure 5.2B).

Finally, the effects of raclopride pretreatment on L-DOPA-induced c-Fos
immunoreactivity in dorsomedial and dorsolateral striatum were assessed in order to determine
whether D2R signaling mediates L-DOPA-induced c-Fos expression. There were no differences
in c-Fos immunoreactivity between DRD mice treated with saline or raclopride (data not shown).
In DRD mice treated with L-DOPA alone, c-Fos immunoreactivity was increased compared to
DRD mice treated with saline [main effect of treatment, F (2, 30) = 5.905,p <0.01; p < 0.01
Holm-Sidak post hoc analysis L-DOPA vs saline; Figure 5.2C], as previously shown. Raclopride
pretreatment did not significantly affect the L-DOPA-induced increase in c-Fos expression (p >
0.1 Holm-Sidak post hoc analysis; Figure 5.2C). These results suggest that in the dorsal striatum,
D2Rs mediate L-DOPA-induced PKA and to a lesser extent, p-ERK signaling, but not L-DOPA-

induced c-Fos expression.
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Figure 5.2. Effects of raclopride pretreatment on L-DOPA-induced abnormal striatal signaling in
DRD mice. p-PKA-sub (A), p-ERK (B), and c-Fos (C) immunoreactivity in DRD mice treated with
saline, L-DOPA, or raclopride + L-DOPA (RAC + L-DOPA) in dorsomedial and dorsolateral striatum was
tested with a treatment x region ANOVA with Holm-Sidak post hoc analyses where appropriate. Results
for dorsomedial and dorsolateral striatum are shown combined (dorsal striatum). (A) L-DOPA treatment
increased p-PKA-sub immunoreactivity [F (2,28) =4.56, p < 0.05; p < 0.05 post hoc analysis L-DOPA vs
saline]. Pretreatment with raclopride blocked the effects of L-DOPA (p < 0.05 post hoc analysis L-DOPA
vs RAC + L-DOPA). (B) L-DOPA treatment induced greater p-ERK immunoreactivity in the dorsomedial
striatum compared to the dorsolateral striatum [treatment x region interaction effect, F (2,30) =7.047,p <
0.01; p < 0.0001 post hoc analysis L-DOPA vs saline]. There was a trend for raclopride treatment to
reduce L-DOPA-induced p-ERK immunoreactivity in the dorsal striatum (p = 0.06 post hoc analysis L-
DOPA vs RAC + L-DOPA). (C) L-DOPA treatment increased c-Fos immunoreactivity [main effect of
treatment, F (2, 30) = 5905, p < 0.01; p < 0.01 post hoc analysis L-DOPA vs saline]. Raclopride
pretreatment did not significantly affect the L-DOPA-induced increase in c-Fos expression (p > 0.1 post
hoc analysis L-DOPA vs RAC + L-DOPA). Values represent mean + SEM; *p < 0.01, **p < 0.01, ****p

<0.0001; n =4-7/group.

5.4.3. Effects of dopamine receptor antagonist treatment on baseline behaviors
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Because SCH 23390 and raclopride are known to produce akinesia in mice, which is a potential
confound for these experiments, locomotor activity was assessed in normal and DRD mice and
abnormal movements were assessed in DRD mice treated with SCH 23390 and/or raclopride to
determine whether antagonist treatment alone affected baseline behaviors. Compared to saline
treatment, SCH 23390 treatment reduced locomotor activity in normal mice (Student’s  tests, p
< 0.0001; data not shown); however, SCH 23390 treatment did not affect locomotor activity in
DRD mice (Student’s ¢ tests, p > 0.1; Figure 5.3A). Compared to saline treatment, SCH 23390
treatment also had no effect on abnormal movements in DRD mice (Student’s ¢ tests, p > 0.1;
Figure 5.3B). Compared to saline treatment, raclopride treatment reduced locomotor activity in
normal mice (Student’s ¢ tests, p < 0.001; data not shown); however, raclopride treatment did not
affect locomotor activity in DRD mice (Student’s ¢ tests, p > 0.1; Figure 5.3A). Raclopride
treatment also had no effect on abnormal movements in DRD mice (Student’s ¢ tests, p > 0.1;
Figure 5.3B). Compared to saline treatment, SCH 23390 plus raclopride (SCH 23390 +
raclopride) treatment reduced locomotor activity in normal mice (Student’s # tests, p < 0.0001;
data not shown); however, SCH 23390 + raclopride treatment did not affect locomotor activity in
DRD mice (Student’s ¢ tests, p > 0.1; Figure 5.3A). SCH 23390 + raclopride treatment also had

no effect on abnormal movements in DRD mice (Student’s ¢ tests, p > 0.1; Figure 5.3B).
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Figure 5.3. Effects of dopamine receptor antagonists on baseline behaviors. (A) Student’s ¢ tests
revealed locomotor activity in DRD mice treated with SCH 23390, raclopride, or SCH 23390 + raclopride
did not differ from mice treated with saline (all p’s > 0.1). (B) Student’s ¢ tests revealed abnormal
movements in DRD mice treated with SCH 23390, raclopride, or SCH 23390 + raclopride did not differ

from mice treated with saline (all p’s > 0.1). Values represent mean + SEM; n = 7-11/group.

5.4.4.Role of D1Rs in L-DOPA-induced behavioral effects

To determine the role of DIR signaling in L-DOPA-induced alleviation of abnormal movements,
the effects of SCH 23390 pretreatment on the ability of L-DOPA to alleviate abnormal
movements was assessed. As previously demonstrated (Rose, Yu et al. 2015), L-DOPA
alleviated abnormal movements [main effect of treatment, F (1.335, 13.35) =20.57,p <0.001; p
< 0.01 Holm-Sidak post hoc analysis L-DOPA vs saline; Figure 5.4A), and increased locomotor
activity in DRD mice compared to saline treatment [main effect of treatment, F (1.304, 13.04) =
38.56,p < 0.0001; p < 0.0001 Holm-Sidak post hoc analysis L-DOPA vs saline; Figure 5.4B].
Abnormal movements in DRD mice treated with SCH 23390 plus L-DOPA did not differ from
mice treated with L-DOPA alone (p > 0.1 Holm-Sidak post hoc analysis L-DOPA vs SCH 23390
plus L-DOPA; Figure 5.4A). This suggests D1Rs do not mediate the ability of L-DOPA to reduce

abnormal movements. However, SCH 23390 pretreatment blocked the L-DOPA-induced
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increase in locomotor activity (p < 0.0001 Holm-Sidak post hoc analysis L-DOPA vs SCH 23390

plus L-DOPA; Figure 5.4B), demonstrating that this dose of SCH 23390 was behaviorally active.
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Figure 54. Effects of SCH 23390 pretreatment on L-DOPA-mediated abnormal movements and
locomotor activity in DRD mice. (A) Abnormal movements and (B) locomotor activity in DRD mice
treated with saline, L-DOPA alone, or SCH 23390 plus L-DOPA (SCH + L-DOPA) were tested with a
repeated measures one-way ANOVA with Holm-Sidak post hoc analyses where appropriate. (A) In mice
treated with L-DOPA alone, abnormal movements were decreased compared to mice treated with saline
[main effect of treatment, F (1.335, 13.35) = 20.57, p < 0.001; p < 0.01 post hoc analysis L-DOPA vs
saline] and did not differ from mice treated with SCH + L-DOPA (p > 0.1 post hoc analysis L-DOPA vs
SCH + L-DOPA). (B) In mice treated with L-DOPA alone, locomotor activity was increased compared to
mice treated with saline [main effect of treatment, F (1.304, 13.04) = 38.56, p < 0.0001; p < 0.0001 post
hoc analysis L-DOPA vs saline] and SCH + L-DOPA (p < 0.0001 post hoc analysis L-DOPA vs SCH + L-
DOPA). Values represent mean + SEM; **p < 0.01, ****p < 0.0001 indicates significantly different than

L-DOPA treated group; n = 11/group.

5.4.5. Role of D2Rs in L-DOPA-induced behavioral effects

To determine the role of D2R signaling in L-DOPA-induced alleviation of abnormal movements,
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the effect of raclopride pretreatment on the ability of L-DOPA to alleviate abnormal movements
was assessed. L-DOPA, compared to saline treatment, alleviated abnormal movements [main
effect of treatment, F (1.128, 11.28) =29.15,p < 0.001; p < 0.01 Holm-Sidak post hoc analysis
L-DOPA vs saline; Figure 5.5A), and increased locomotor activity in DRD mice [main effect of
treatment, F (1.660, 16.60) =29.81, p < 0.0001; p < 0.001 Holm-Sidak post hoc analysis L-
DOPA vs saline; Figure 5.5B]. Abnormal movements in DRD mice treated with raclopride plus
L-DOPA did not differ from mice treated with L-DOPA alone (p > 0.1 Holm-Sidak post hoc
analysis L-DOPA vs raclopride plus L-DOPA; Figure 5.5A). In mice treated with L-DOPA alone,
there was a trend for increased locomotor activity compared to mice treated with raclopride plus
L-DOPA (p = 0.09 Holm-Sidak post hoc analysis L-DOPA vs raclopride plus L-DOPA; Figure
5.5B). This suggests D2Rs do not mediate the ability of L-DOPA to reduce abnormal movements

or L-DOPA-induced hyperactivity.
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Figure 5.5. Effects of raclopride pretreatment on L-DOPA-mediated abnormal movements and
locomotor activity in DRD mice. (A) Abnormal movements and (B) locomotor activity in DRD mice
treated with saline, L-DOPA alone, or raclopride plus L-DOPA (RAC + L-DOPA) were tested with a

repeated measures one-way ANOVA with Holm-Sidak post hoc analyses where appropriate. (A) In mice
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treated with L-DOPA alone, abnormal movements were decreased compared to mice treated with saline
[main effect of treatment, F (1.128, 11.28) = 29.15, p < 0.001; p < 0.01 post hoc analysis L-DOPA vs
saline] and did not differ from mice treated with RAC + L-DOPA (p > 0.1 post hoc analysis L-DOPA vs
RAC + L-DOPA). (B) In mice treated with L-DOPA alone, locomotor activity was increased compared to
mice treated with saline [main effect of treatment, F (1.660, 16.60) = 29.81, p < 0.0001; p < 0.001 post
hoc analysis L-DOPA vs saline]. In mice treated with L-DOPA alone, there was a trend for increased
locomotor activity compared to mice treated with RAC + L-DOPA (p = 0.09 post hoc analysis L-DOPA
vs RAC + L-DOPA). Values represent mean + SEM; **p < 0.01, ***p < 0.001 indicates significantly

different than L-DOPA treated group; n = 11/group.

5.4.6. Role of D1R plus D2R-activation in L-DOPA-induced behavioral effects

To determine if co-activation of D1Rs and D2s is required for L-DOPA to alleviate abnormal
movements, the effects of SCH 23390 + raclopride pretreatment on the ability of L-DOPA to
alleviate abnormal movements were assessed. L-DOPA, compared to saline treatment, alleviated
abnormal movements [main effect of treatment, F (2, 30) =21.93, p < 0.0001; p < 0.0001 Holm-
Sidak post hoc analysis L-DOPA vs saline; Figure 5.6A], and increased locomotor activity in
DRD mice [main effect of treatment, F (2, 30) = 4.602, p < 0.05; p < 0.05 Holm-Sidak post hoc
analysis L-DOPA vs saline; Figure 5.6B]. Abnormal movements were significantly increased in
DRD mice treated with SCH 23390 + raclopride plus L-DOPA compared to mice treated with L-
DOPA alone (p < 0.05 Holm-Sidak post hoc analysis L-DOPA vs SCH 23390 + raclopride plus
L-DOPA; Figure 5.6A). Locomotor activity was increased in DRD mice treated with L-DOPA
alone compared to mice treated with SCH 23390 + raclopride plus L-DOPA (p < 0.05 Holm-
Sidak post hoc analysis L-DOPA vs SCH 23390 + raclopride plus L-DOPA; Figure 5.6B). These

results suggest a synergistic effect of DIRs plus D2Rs in the effect of L-DOPA.
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Figure 5.6. Effects of combined SCH 23390 and raclopride pretreatment on L-DOPA-mediated
abnormal movements and locomotor activity in DRD mice. (A) Abnormal movements and (B)
locomotor activity in DRD mice treated with saline, L-DOPA alone, or SCH 233390 + raclopride plus L-
DOPA (SCH + RAC + L-DOPA) were tested with a repeated measures one-way ANOVA with Holm-
Sidak post hoc analyses where appropriate. (A) In mice treated with L-DOPA alone, abnormal
movements were decreased compared to mice treated with saline [main effect of treatment, F (2, 30) =
21.93,p < 0.0001; p < 0.0001 post hoc analysis L-DOPA vs saline]. Abnormal movements were increased
in mice treated with SCH 23390 + raclopride plus L-DOPA compared to mice treated with L-DOPA
alone (p < 0.05 post hoc analysis L-DOPA vs SCH 23390 + RAC + L-DOPA). (B) In mice treated with L-
DOPA alone, locomotor activity was increased compared to mice treated with saline [main effect of
treatment, F (2, 30) =4.602, p < 0.05; p < 0.05 post hoc analysis L-DOPA vs saline] and mice treated with
SCH + RAC + L-DOPA (p < 0.05 post hoc analysis L-DOPA vs SCH + RAC + L-DOPA). Values
represent mean + SEM; *p < 0.05, ** p < 0.01, ****p < 0.0001 indicates significantly different than L-

DOPA treated group; n = 11/group.

5.5. Discussion
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L-DOPA-induced PKA activity, ERK phosphorylation, and c-Fos expression in the dorsal
striatum was dependent on D1Rs and PKA activity was also dependent on D2Rs. I demonstrated
that L-DOPA treatment can alleviate dystonia via D1R- and D2R-signaling. L-DOPA-induced

hyperactivity was shown to be dependent predominately on D1R-activation.

5.5.1. Role of D1Rs and D2Rs in the therapeutic effect of L-DOPA

In DRD mice, L-DOPA alleviates abnormal movements (Rose, Yu et al. 2015). Here I showed
that L-DOPA treatment alleviates dystonia through DIR and D2R signaling. D1R antagonism
alone did not abolish L-DOPA-induced alleviation of abnormal movements. Similarly, D2R
antagonism alone did not abolish L-DOPA-induced alleviation of abnormal movements. Rather,
combined D1R and D2R antagonism blocked L-DOPA-induced alleviation of abnormal
movements. This is consistent with previous data in DRD mice that shows D1R- or D2R-
activation alleviated abnormal movements in DRD mice (Rose, Yu et al. 2015). Conversely, this
data supports that a reduction in dopamine signaling at both D1Rs and D2Rs is necessary for the
expression of dystonia. Antagonism of either D1Rs or D2Rs worsens the dystonia (Rose, Yu et
al. 2015), which is consistent with the aforementioned findings, and determining the associated
signaling pathways may reveal the mechanism underlying dystonia.

Further, in contrast to normal mice, D1R- and D2R-antagonism does not induce akinesia
in DRD mice. Akinesia can result from the use of antipsychotics, which antagonize D2Rs, and
can limit the overall therapeutic window (Sanberg 1980, Li, Snyder et al. 2016). Understanding
this difference may inform our understanding of how dopamine depletion at both D1Rs and DRs

results in dystonia.
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5.5.2. Significance of D1R-antagonism in dystonia

In this chapter, I demonstrated that D1R-antagonism abolished L-DOPA-induced PKA activity,
ERK phosphorylation, and c-Fos expression in the dorsal striatum. This is consistent with my
findings from Chapter 3 that show D1R-mediated signaling is supersensitive. However, D1R-
antagonism did not block L-DOPA-induced alleviation of abnormal movement, which suggests
supersensitive D1R-mediated signaling by itself does not mediate the therapeutic actions of L-
DOPA. D1R-antagonism did block L-DOPA-induced hyperactivity. This is consistent with
previous work showing D1R-activation induces locomotor hyperactivity in DRD mice (Rose, Yu
et al. 2015) and suggests D1R-mediated supersensitivity is related to locomotor hyperactivity
and perhaps not the expression dystonia.

Findings in the DD model support the conclusion that D1R supersensitivity mediates
locomotor hyperactivity but not dystonia. In DD mice, chronic L-DOPA treatment attenuated L-
DOPA-induced hyperactivity, and this attenuation of hyperactivity was correlated with a
reduction of L-DOPA-induced striatal c-Fos expression (Kim, Szczypka et al. 2000). Since DD
mice do not exhibit dystonia, this suggests the hyperactivity and the associated supersensitive
DI1R-mediated signaling may be due to chronic dopamine depletion and may not be specific to
the development of dystonia. DI1R-activation and L-DOPA administration may therefore be

revealing a supersensitive system that develops after prolonged absence of dopaminergic input.

5.5.3. Significance of D2R-antagonism in dystonia
D2R-antagonism blocked L-DOPA-induced PKA activity throughout the dorsal striatum and
there was a trend for D2R antagonism to block L-DOPA-induced ERK phosphorylation. This is

surprising given L-DOPA-induced PKA activity and p-ERK was limited to D1R-MSNs. This



109

finding is in contrast to what is observed in the 6-OHDA-lesioned model in which D2R-
antagonism (Westin, Vercammen et al. 2007) and genetic inactivation of D2Rs (Darmopil,
Martin et al. 2009) did not block L-DOPA-induced ERK phosphorylation. In DRD mice,
alterations in pre- or postsynaptic D2R signaling, such as reciprocal A2AR-mediated signaling,
D2 autoreceptors on nigrostriatal terminals, and/or D2Rs on corticostriatal terminals, may
mediate L-DOPA-induced PKA activation and ERK phosphorylation. In DRD mice, D2R-
antagonism did not block L-DOPA-induced c-Fos expression. L-DOPA-induced alterations in
nondopaminergic striatal inputs including excitatory glutamatergic signaling may also induce c-

Fos expression (Schwarzschild, Cole et al. 1997).

5.54. Conclusions

These results show that D1R-signaling pathways contribute to the therapeutic mechanism of L-
DOPA and to L-DOPA-induced abnormal striatal signaling and locomotor hyperactivity that are
observed in other models of dopamine depletion. D2R-mediated signaling pathways contribute to
the therapeutic mechanism of L-DOPA and alterations in D2R signaling may be specific to the
expression of dystonia. Future studies aimed at assessing the relationship between D1R- and
D2R-mediated abnormal striatal signaling, locomotor hyperactivity, and the development of

dystonia are necessary.
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Chapter 6: General discussion

Dopamine neurotransmission in the basal ganglia is abnormal in many different forms of
dystonia; however, the precise nature of abnormal dopamine-mediated signaling pathways is
unknown. A chronic dopamine deficit per se is not sufficient to cause dystonia as neither 6-
OHDA-lesioned mice nor DD mice exhibit dystonia, despite profound long-term reductions in
dopamine neurotransmission (Gerfen, Keefe et al. 1995, Zhou and Palmiter 1995, Berke,
Paletzki et al. 1998, Kim, Szczypka et al. 2000, Gerfen, Miyachi et al. 2002). It is likely that the
timing and extent of striatal dopaminergic loss are likely relevant factors for the development of
dystonia and that these factors ultimately contribute to specific abnormalities in postsynaptic
dopamine-mediated signaling pathways that may lead to the development of dystonia. I utilized
the DRD mouse model to determine the precise nature of striatal dysfunction that may
distinguish dystonia from other abnormal motor phenotypes.

I determined that abnormalities in both D1Rs and D2Rs in combination are necessary for
the expression of dystonia. I determined that DRD mice exhibit blunted D2R-mediated signaling;
specifically, the failure of D2R-antagonism to elicit c-Fos expression in the DRD mouse striatum
may be a defining feature of dystonia. I determined that DRD mice exhibit supersensitive striatal
DI1R-mediated signaling. My results suggest that abnormal D1R-mediated PKA activity, ERK
phosphorylation, and c-Fos expression may be necessary, but not sufficient, for the expression of
dystonia. Determining the relationship between D1R- and D2R-mediation of abnormal striatal
signaling may ultimately reveal the precise nature of dopamine-mediated signaling that results in

dystonia.
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6.1. Blunted D2R-mediated signaling in DRD mouse striatum

In DRD mice, inhibitory D2R-signaling was blunted, and understanding the precise nature of
abnormal D2R-mediated signaling may inform our understanding of dystonia. Specifically, D2R-
antagonism increased striatal c-Fos expression in predominately D2R-MSNs in normal mice, but
not in DRD mice. Increased c-Fos following D2R-antagonism in normal mice has been
previously reported (Dragunow, Robertson et al. 1990, Robertson and Fibiger 1992), suggesting
that this observation was not an artifact of our specific mouse strain or methods. However,
dopamine receptor antagonists, including raclopride, can also affect D3Rs and using selective
D2R and D3R antagonists (Manvich, Petko et al. 2019) may help determine the precise nature of
abnormal D2R-mediated signaling.

The failure of D2R-antagonism to induce c-Fos expression may be due to insufficient
postsynaptic inhibitory D2R-mediated tone in DRD mice. Previous work in DRD mice showed
D2R-mediated adenylate cyclase activity is blunted in striatal homogenates of DRD mice
compared to normal mice (Rose, Yu et al. 2015). As discussed, D2R-MSNs also express A2ARs,
which are Goolf-coupled and stimulate cAMP (Schiffmann, Jacobs et al. 1991, Schiffmann,
Fisone et al. 2007). Therefore, A2ARs on D2R-MSNss reciprocally regulate cAMP, and under
normal conditions, tonic activation of D2Rs results in inhibition of cAMP (Schiffmann, Fisone et
al. 2007). D2R-antagonism may induce c-Fos in D2R-MSNs by allowing unopposed A2AR-
mediated signaling (Agnati, Ferre et al. 2003). Dysregulations in reciprocal D2R- and A2AR-
mediated signaling may underlie the expression of dystonia given D2R antagonism worsens
dystonia in DRD mice (Rose, Yu et al. 2015). A recent study suggests caffeine, an A2AR
antagonist, is not effective at improving motor symptoms in patients with Parkinson’s disease

(Postuma, Anang et al. 2017); however, studies in DRD mice may identify an antidystonic effect
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of A2AR-antagonism that is specific to dystonia. To determine whether the balance of D2R- and
A2AR-mediated intracellular signaling affects dystonia, future studies can test if activation of
A2ARs worsens dystonia, or conversely whether antagonism of A2ARs alleviates dystonia.
D2R-antagonism may also affect D2Rs on cholinergic interneurons or corticostriatal terminals
(Dragunow, Robertson et al. 1990).

It is also possible that alterations in molecular mechanisms that function to decrease G
protein-mediated signaling may also be abnormal in D2R-MSNs of DRD mice. This may include
compensatory changes involving G protein-coupled receptor kinases (GRKs), 3-arrestins, and
Regulator of G-protein Signaling (RGS) proteins.

In general, GRK-mediated phosphorylation of GPCRs promotes translocation of f3-
arrestins to the receptor, which results in desensitization and internalization of GPCRs and
subsequent decreased G protein-mediated signaling. However, GRKs also play a role in {3-
arrestin-mediated signaling (Watari, Nakaya et al. 2014). In D2R-MSNs, G protein- and f3-
arrestin-mediated signaling are important for D2R-mediated inhibition of D2R-MSNs (Rose,
Pack et al. 2018), and in the DRD mouse striatum, this balance may be disrupted. Biased
agonists that selectively activate GRK/p-arrestin-dependent signaling can be used to determine
whether this signaling pathway is differentially regulated in the DRD mouse striatum. For
example, B-arrestin-biased signaling may predominate over Gai-mediated signaling (Gorvin,
Babinsky et al. 2018) due to compensatory mechanisms related to chronic dopamine depletion in
DRD mice. As discussed, the free fy complex can also modulate G protein signaling and
activate unique signal transduction pathways (Smrcka 2008), and biased agonists may also be
used to determine the contribution of 3y-mediated signaling (Brust, Hayes et al. 2015).

RGS proteins function as the predominant family of GTPase-activating proteins (GAPs)
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for heterotrimeric G proteins. GAPs stimulate the intrinsic GTPase activity to negatively regulate
GPCRs (Xie and Martemyanov 2011). Changes in the relative amount or function of RGS9,
which is enriched in the basal ganglia and has been shown to mediate dopamine signaling, may
result in blunted D2R inhibition. Aberrant D2R-mediated responses have been observed in other
models of dystonia. In a mouse model of TORIA dystonia, dopamine activation of Gai/o in
D2R-MSNs was impaired, and A2AR antagonism rescues some of these deficits (Napolitano,
Pasqualetti et al. 2010). Interestingly, striatal levels of RGS9 were downregulated in this model

and may compensate for the decreased D2R availability (Napolitano, Pasqualetti et al. 2010).
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Figure 6.1. Potential mediators of blunted D2R-mediated signaling in D2R-MSNs. In the DRD
mouse striatum, blunted D2R-mediated signaling in D2R-MSNs may reflect abnormalities in multiple
D2R-mediated signaling pathways. Future experiments assessing A2AR-mediated signaling, GRK/f3-

arrestin-dependent signaling, 3y-mediated signaling, and alterations in the relative amount or function of
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RGS9 may uncover the precise nature of abnormal D2R-mediated signaling in D2R-MSNs.

6.2. Supersensitive D1R-mediated signaling in DRD mouse striatum

In DRD mice, D1R-mediated signaling is sensitized. This is similar to what is observed in other
animal models of dopamine depletion and suggests sensitized D1R-mediated signaling in the
DRD mouse striatum may be due to chronic depletion of dopamine and may not be specific to
the development of dystonia. However, the mechanisms underlying D1R-supersensitivity may
differ between other dopamine-depleted animals and DRD mice, thus delineating these
differences may ultimately inform our understanding of dystonia.

In the dorsal striatum of DRD mice, D1R-activation induced PKA activity and ERK
phosphorylation predominately in D1IR-MSNs. Adenylate cyclase is necessary for the synthesis
of cAMP and subsequent PKA-mediated signaling, so these results are consistent with previous
findings that show D1R-stimulated adenylate cyclase activity is sensitized in striatal
homogenates of DRD mice compared to normal mice (Rose, Yu et al. 2015). In other models of
dopamine depletion abnormal ERK phosphorylation following D1R-activation is similarly
observed (Gerfen, Keefe et al. 1995, Berke, Paletzki et al. 1998, Kim, Szczypka et al. 2000,
Gerfen, Miyachi et al. 2002, Kim, Palmiter et al. 2006). However, in adult 6-OHDA-lesioned
animals, chronic L-DOPA-induced ERK phosphorylation via D1IR-MSNss is associated with the
development of a non-dystonic form of dyskinesia (Westin, Vercammen et al. 2007, Darmopil,
Martin et al. 2009), whereas L-DOPA-induced ERK phosphorylation via D1IR-MSNs is
associated with the amelioration of abnormal movements in DRD mice. Thus, mechanisms
downstream of ERK phosphorylation and/or other signaling defects may distinguish 6-OHDA-

lesioned parkinsonian animals from DRD mice.
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For example, the balance of D1R- and M4 mAChR-mediated intracellular signaling in
DI1R-MSNs may underlie the expression of dystonia. In DIR-MSNs, dopamine signaling is
reciprocally regulated by M4 mAChRs, which couple to Gai/o proteins to inhibit cAMP. D1R-
activation in DRD mice may, in addition to activating sensitized signaling pathways, oppose M4
mAChRs-mediated signaling. In DRD mice, D1R-antagonism worsens the dystonia (Rose, Yu et
al. 2015). DIR antagonism may therefore increase dystonia via unmasking of M4 mAChR-
mediated signaling. Compounds targeting M4 mAChRs (i.e. xanomeline or M4 positive
allosteric modulators) can be tested in the DRD mouse model to determine whether M4 mAChR
activation, and associated signaling pathways, increases dystonia. Conversely, M4 antagonists
may be potential therapeutic options for dystonia.

Future studies aimed at determining the mechanisms underlying D1R-supersensitivity
and the mechanisms downstream of ERK phosphorylation and/or other signaling defects may
inform our understanding of abnormal intracellular postsynaptic signaling mechanisms that
underlie dystonia. For example, in addition to PKA, the exchange protein directly activated by
cAMP (Epac) can also transduce cAMP-mediated signaling (Cheng, Ji et al. 2008) and these
signal transduction pathways may be differentially affected by dopamine depletion.
Understanding reciprocal D1R- and M4 mAChR-mediated intracellular signaling in D1IR-MSNs

may also reveal novel mechanisms that underlie the expression of dystonia.

6.3. Significance of L-DOPA-induced abnormal signaling in dystonia
L-DOPA treatment alleviated abnormal movements and induced abnormal signaling and
locomotor hyperactivity in DRD mice. Therefore, it is necessary to determine whether L-DOPA-

induced abnormal signaling and locomotor hyperactivity is necessary for the alleviation of
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dystonia or reflects a disparate mechanism related to dopamine depletion, but not dystonia.

DI1R-antagonism blocked L-DOPA-induced PKA activity, ERK phosphorylation, and c-
Fos expression in the dorsal striatum of DRD mice. D2R-antagonism blocked L-DOPA-induced
PKA activity in dorsal striatum and there was a trend for D2R-antagonism to block L-DOPA-
induced ERK phosphorylation in dorsal striatum of DRD mice. This is surprising given L-
DOPA-induced PKA and p-ERK was limited to DIR-MSNs. D2R antagonism may indirectly
alter L-DOPA-induced PKA activity and ERK phosphorylation in D1R-MSNs via presynaptic
D2Rs on corticostriatal terminals or nigrostriatal terminals. Similarly, cocaine-induced
locomotor activity and ERK phosphorylation, in the dorsolateral striatum, was partially blocked
by D2R-antagonism (Valjent, Corvol et al. 2000); however, the mechanism underlying this effect
is not known. This finding is in contrast to what is observed in the 6-OHDA-lesioned model.
D2R-antagonism (Westin, Vercammen et al. 2007) and genetic inactivation of D2Rs (Darmopil,
Martin et al. 2009) did not block L-DOPA-induced ERK phosphorylation in 6-OHDA-lesioned
animals. Nonetheless, these results suggest supersensitive PKA/p-ERK/c-Fos signaling may
underlie the abnormal hyperactivity in DRD mice, and that this effect is mediated via D1R- and
D2R-signaling.

Notably, D1R-antagonism did not abolish L-DOPA-induced alleviation of abnormal
movement, which suggests L-DOPA-induced PKA activity, ERK phosphorylation, and c-Fos
expression via supersensitive D1R-mediated signaling by itself is not sufficient to alleviate
abnormal movements in DRD mice. However, L-DOPA-induced hyperactivity was shown to be
dependent on D1R-signaling, which is consistent with the hyperactivity observed in DRD mice
in response to D1R-acivation (Rose, Yu et al. 2015). Therefore, L-DOPA-induced abnormal

signaling and locomotor hyperactivity may be necessary, but not sufficient, to alleviate abnormal
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movements (Figure 6.2). In DD adult mice, D1R-antagonism also blocked L-DOPA-induced
locomotor activity (Kim, Szczypka et al. 2000). However, adult DD mice do no exhibit dystonia,
which suggests the hyperactivity observed in both DD and DRD mice may be due to chronic
depletion of dopamine but may not be specific to the development of dystonia. In fact,
behavioral and neuronal sensitization as a consequence of neurotransmitter depletion is a known
phenomenon, and behavioral and neuronal sensitivity to L-DOPA has been shown to develop
after prolonged absence of dopaminergic input (Gerfen, Keefe et al. 1995, Kostrzewa 1995,

Berke, Paletzki et al. 1998, Kim, Szczypka et al. 2000, Gerfen, Miyachi et al. 2002).
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Figure 6.2. Schematic of DIR supersensitivity in the DRD mouse striatum and its relationship to
locomotor hyperactivity and dystonia. In the dorsal striatum of DRD mice, D1R-stimulation induces
increased adenylate cyclase (AC), PKA activity, ERK phosphorylation, and c-Fos expression in D1R-
MSNs. Supersensitive D1R-mediated signaling by itself is not sufficient to alleviate abnormal movements

in DRD mice; however, L-DOPA-induced hyperactivity was shown to be dependent on D1R-signaling.
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Previous work in the DD mouse model supports that L-DOPA-induced abnormal striatal
signaling is associated with locomotor hyperactivity and demonstrates a potential paradigm to
delineate L-DOPA-mediated locomotor hyperactivity and alleviation of dystonia in DRD mice.
In the DD mouse model, it was shown that the chronic presence of dopamine signaling, that is,
chronic L-DOPA administration, reversed sensitized locomotor activity and striatal intracellular
signaling (Kim, Szczypka et al. 2000, Kim, Palmiter et al. 2006). Specifically DD mice were
treated with L-DOPA every 4 hrs, and L-DOPA-induced c-Fos immunoreactivity was decreased
beginning 14 hrs after chronic treatment began and was almost completely abolished 38 hrs after
chronic treatment began. L-DOPA-induced locomotor hyperactivity was abolished by the
seventh day of chronic treatment. L-DOPA restriction for 24 hr did not reinstate the L-DOPA-
induced locomotor hyperactivity, which suggests that locomotor hyperactivity is maintained by
changes in transcriptional regulation, or other alterations including circuit level changes, which
take days to reverse (Kim, Szczypka et al. 2000). It is not known whether the locomotor
hyperactivity observed in the DRD mouse model is similarly maintained by changes that occur
acutely or over the course of days and how these changes may mediate the effects of acute L-
DOPA treatment.

L-DOPA treatment alleviates dystonia through a mechanism that can signal through
either D1Rs or D2Rs. This is consistent with previous data in DRD mice that shows DIR- or
D2R-activation alleviated abnormal movements in DRD mice (Rose, Yu et al. 2015). Future
studies aimed at differentiating the mechanism underlying DIR- and D2R-mediated locomotor
hyperactivity and D1R- and D2R-mediated alleviation of abnormal movements may ultimately
identify the mechanism underlying dystonia. Specifically, future studies testing whether chronic

L-DOPA treatment affects the ability of acute L-DOPA treatment to induce locomotor
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hyperactivity, elicit abnormal striatal intracellular signaling, and ultimately alleviate abnormal
movements may determine the role of L-DOPA-induced activation of PKA, ERK

phosphorylation, and c-Fos expression in dystonia.

6.4. Mechanism of L-DOPA-induced abnormal signaling in dystonia

L-DOPA treatment induced PKA activity, robust ERK phosphorylation, and c-Fos expression
selectively in D1IR-MSNSs in the dorsal striatum of DRD mice. L-DOPA-induced ERK
phosphorylation was increased in the dorsomedial compared to dorsolateral striatum and this
regional difference in ERK phosphorylation may reveal striatal subdivisions, and associated
mechanisms, that are necessary for the expression of dystonia. While ERK phosphorylation may
be necessary, but not sufficient, for alleviation of dystonia, understanding how ERK is
phosphorylated in the dorsal striatum of DRD mice may ultimately reveal the nature of
abnormalities in D1R- and D2R-signaling in dystonia.

PKA does not directly phosphorylate ERK; however, there are number of proposed
pathways that indirectly link PKA activity and ERK (Figure 6.3). PKA signaling through
DARPP-32 has been shown to be permissive of ERK phosphorylation. PKA-mediated
phosphorylation of DARPP-32 at Thr34 converts DARPP-32 into a potent inhibitor of protein
phosphatase 1 (PP1). PP1 has been shown to be permissive of p-ERK by regulating
phosphorylation of the striatal enriched tyrosine phosphatase (STEP). De-phosphorylation of
STEP de-phosphorylates the tyrosine residue of the ERK (Valjent, Pascoli et al. 2005). Thus,
inhibition of PPI prevents de-phosphorylation of STEP, which prevents STEP from
dephosphorylating ERK. Glutamatergic signaling has been shown to directly phosphorylate ERK

via an NMDAR-dependent mechanism that requires calcium influx (Thomas and Huganir 2004).
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Previous evidence from work examining cocaine or amphetamine administration suggests
activation of ERK is dependent on concurrent dopaminergic and NMDAR activation (Valjent,
Corvol et al. 2000). This model proposes that ERK phosphorylation may therefore serve as a
coincidence detector of concurrent dopaminergic and glutamatergic signaling in MSNGs.

Treatment with L-DOPA and psychostimulants, but not a D1R-selective agonist, may
result in concurrent dopaminergic and glutamatergic signaling via presynaptic regulation of
dopamine signaling. L-DOPA may activate concurrent dopaminergic and glutamatergic signaling
via dopamine enhancement of glutamatergic signaling (Girault, Valjent et al. 2007) or potentially
co-release of glutamate (Dani and Zhou 2004). This may result in enhanced ERK
phosphorylation via NMDAR-mediated ERK phosphorylation and coincident amplification via
PKA-mediated inhibition of ERK de-phosphorylation. This may in part explain the robust
increase in ERK phosphorylation following L-DOPA treatment compared to the mild increase in
ERK phosphorylation following treatment with a D1R-selective agonist. Further, excitatory
glutamatergic signaling may also elicit c-Fos expression via p-ERK (Broussard 2012) or via
calcium signaling.

Pretreatment with the NMDAR antagonist, MK801, does not affect D1R-activation-
induced expression of p-ERK (Vanhoutte, Barnier et al. 1999) or c-Fos (Gerfen, Miyachi et al.
2002) in the dopamine-depleted striatum of 6-OHDA-lesioned animals, which suggests DIR
supersensitivity observed in the dopamine-depleted striatum is not mediated by NMDARs.
However, corticostriatal stimulation was shown to potentiate D1R-induced p-ERK (Keefe and
Gerfen 1996). Determining whether abnormal ERK phosphorylation is induced via NMDAR-
signaling may reveal novel alterations in presynaptic glutamatergic signaling that underlie

dystonia.
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Figure 6.3. Proposed mechanism of sensitized PKA/p-ERK/c-Fos signaling in D1IR-MSNs in the
dorsal striatum of DRD mice. DIR-activation induces sensitized PKA activity. PKA phosphorylates
DARPP-32 on the Thr34 residue, which enables its activity as a potent inhibitor of PP1. Inhibition of PPI
prevents de-phosphorylation of STEP, which prevents STEP from dephosphorylating ERK. Overall D1R-
actviation is permissive of ERK phosphorylation. Dashed lines indicate reduced signaling and solid lines
indicate increased signaling. Glutamatergic signaling via NMDARs activates Raf through a mechanism
that has not been fully elucidated, but may involve calcium-dependent mechanisms and require
calcium/calmodulin-dependent protein kinase II (CaMKII). It may also involve Ras—GRF, a guanine-
nucleotide exchange factor activated by calcium/calmodulin binding. ERK is ultimately phosphorylated
and may activate c-Fos expression via calcium-dependent signaling. Phosphorylated ERK can translocate
to the nucleus and induce c-Fos expression. This figure has been adapted from Girault, Valjent et al.

(2007).

6.5. Regional differences in postsynaptic intracellular signaling cascades in dystonia

The regional differences in ERK phosphorylation may indicate specific striatal subdivisions that
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are uniquely abnormal in DRD mice and therefore associated with dystonia. While L-DOPA-
induced ERK phosphorylation may contribute to sensitized D1R-mediated signaling and
associated locomotor, and not to dystonia per se, the regional differences in ERK
phosphorylation may reveal striatal abnormalities that are associated with dystonia. In fact, ERK
phosphorylation in the rat dorsomedial striatum was shown to be necessary for encoding and
performance of goal-directed actions (Girault, Valjent et al. 2007). As discussed, aberrant control
of goal-directed and habitual control in the caudate putamen is associated with motor symptoms
in Parkinson’s disease (Redgrave, Rodriguez et al. 2010). Thus the regional differences in ERK
phosphorylation likely have functional correlates that may be necessary for the alleviation of
abnormal movements or may reveal abnormalities that underlie dystonia.

Treatment with L-DOPA or a D1R-selective agonist induced regional differences in p-
ERK in D1IR-MSNs, which suggests sensitivity in postsynaptic D1Rs may mediate this effect. In
fact, co-release of dopamine and glutamate, which may underlie increase ERK expression, has
been shown to occur in a region-specific manner (Shiflett, Brown et al. 2010). However,
regulation from multiple pre- and postsynaptic mechanisms may be necessary for ERK
phosphorylation. For example, in 6-OHDA-lesioned mice, increased Goolf protein has been
observed in the dorsolateral striatum; however, this increase was not associated with L-DOPA-
induced ERK phosphorylation (Cai and Ford 2018). Additional experiments assessing the
contribution of pre- and postsynaptic regulation of L-DOPA-mediated signaling are needed to
determine the underlying mechanism and significance of regional differences in ERK
phosphorylation. GABAergic striatal interneuron composition also varies among striatal
functional territories (Alcacer, Santini et al. 2012) and may contribute to differences in striatal

subdivisions that play an important role in the expression of dystonia. These data do not preclude
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the involvement of alterations in nondopaminergic striatal inputs and future studies examining

the role of other striatal inputs, including NMDAR-mediated signaling, are necessary.

6.6. Conclusions and future directions

Until recently, it was not possible to identify the dysregulated striatal signaling pathways that
underlie dystonia. Prior to the development of the DRD mouse model, animal models that exhibit
dystonia caused by underlying defects in dopamine neurotransmission were not available.
Studies using DRD mice allow for the identification of the precise nature of the striatal
dysfunction that may distinguish dystonia from other abnormal motor phenotypes.

Here I have shown that abnormalities in both D1Rs and D2Rs in combination are
necessary for the expression of dystonia. Examining reciprocal and unique signaling pathways in
DIR- and D2R-MSNs may inform our understanding of how supersensitive D1R-mediated
signaling and blunted D2R-mediated signaling contribute to the expression of dystonia. The
present findings suggest differentiating striatal dysfunction that underlies locomotor
hyperactivity versus dystonia is important for future studies.

Utilizing unbiased approaches to compare abnormal dopamine-mediated signaling in the
dopamine-depleted striatum compared to the DRD mouse striatum may reveal differences that
distinguish dystonia from other movement disorders in which dopamine is depleted, but dystonia
is not observed. Given most of our understanding, and associated molecular tools, of how
dopamine-mediated pathways can be dysregulated comes from models in which striatal
dopamine is depleted but dystonia is not observed, this approach may also reveal novel

mechanisms that underlie dystonia.
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Appendix: Assessment of the striatal proteome in a mouse model of DOPA-responsive

dystonia

A.1. Abstract

The striatal proteome of normal and DRD mice was examined to determine novel striatal
abnormalities that may underlie dystonia. This unbiased examination identified 1,805 proteins in
the striatum of DRD and normal mice, and 57 proteins were differentially regulated (p < 0.05).
Twelve differentially regulated proteins were previously associated with dystonia and were
related to mitochondrial functions and cell signaling pathways. Similarly, enrichment analysis
supported a role for mitochondrial dysfunction and alterations cell signaling pathways in
dystonia. Future studies will assess the mechanisms underlying mitochondrial dysfunction and

dysregulated cell signaling in DRD mice.
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A.2. Introduction

The development of dystonia likely results from dopamine depletion along with very specific
abnormalities in postsynaptic dopamine-mediated signal transduction pathways. Dopamine
depletion throughout development is associated with dystonia in humans and in the DRD mouse
model; however, dysregulated postsynaptic dopamine-mediated signaling responses observed in
other animal models of chronic dopamine deficiency are not associated with dystonia. The DRD
mouse model therefore allows for an assessment of the precise nature of the striatal dysfunction
that may distinguish dystonia from other abnormal motor phenotypes. We sought to determine

novel striatal abnormalities that underlie dystonia by examining the striatal proteome.

A.3. Methods

Mice. Previous data (Chapter 3, Figure 3.2) showed abnormal movements in DRD mice carrying
the RFPs (tdTom, EGFP, or both) did not differ from DRD mice without the RFPs which
supports using DRD mice and normal mice with and without RFPs for analysis of the striatal

proteome.

Tissue collection. Mice were sacrificed by cervical dislocation. Brains were rapidly removed
and striata were rapidly dissected and frozen on dry ice by Anthony Downs, an MSP PhD

candidate, together with MAB. Striata samples were stored at -80°C.

Tissue homogenization and digestion protocol. The protocol for tissue homogenization was

adapted from a published method (Seyfried, Dammer et al. 2017) and was provided and
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completed by the Integrated Proteomics Core, an Emory Neuroscience NINDS Core Facilities
(ENNCF): www.cores.emory.edu/eipc/resources/index.html.

Samples were vortexed in 500 microL of urea lysis buffer (8M urea, 100 mM NaH,PO,,
pH 8.5), including 3 uL (100x stock) Halt protease and phosphatase inhibitor cocktail (Pierce).
All homogenization was performed using a Bullet Blender (Next Advance) according to
manufacturer protocols. Protein supernatants were transferred to 1.5 mL Eppendorf tubes and
sonicated (Sonic Dismembrator, Fisher Scientific) 3 times for 5 sec with 15 sec intervals of rest
at 30% amplitude to disrupt nucleic acids and subsequently vortexed. Protein concentration was
determined by the bicinchoninic acid (BCA) method, and samples were frozen in aliquots at
—80°C. Protein homogenates (100 ug) were diluted with 50 mM NH,HCO,; to a final
concentration of less than 2M urea and then treated with 1 mM dithiothreitol (DTT) at 25°C for
30 min followed by 5 mM iodoacetimide (IAA) at 25°C for 30 min in the dark. Protein was
digested with 1:100 (w/w) lysyl endopeptidase (Wako) at 25°C for 2 hr and further digested
overnight with 1:50 (w/w) trypsin (Promega) at 25°C. Resulting peptides were desalted with a

Sep-Pak C18 column (Waters) and dried under vacuum.

LC-MS/MS data acquisition. The data acquisition by LC-MS/MS protocol was adapted from a
published procedure (Seyfried, Dammer et al. 2017) and was provided and completed by the
Integrated Proteomics Core, an Emory Neuroscience NINDS Core Facilities (ENNCF): www.
cores.emory.edu/eipc/resources/index.html.

Derived peptides were resuspended in loading buffer (0.1% trifluoroacetic acid). Peptide
mixtures (3 uL) were separated on a self-packed C18 (1.9 ym Dr. Maisch, Germany) fused silica

column (25 cm x 75 M internal diameter (ID); New Objective, Woburn, MA) by a Dionex
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Ultimate 3000 RSLCNano and monitored on a Fusion mass spectrometer (ThermoFisher
Scientific, San Jose, CA). Elution was performed over a 140 min gradient at a rate of 300nL/min
with buffer B ranging from 3% to 99% (buffer A: 0.1% formic acid in water, buffer B: 0.1 %
formic acid in acetonitrile). The mass spectrometer cycle was programmed to collect at the top
speed for 3 sec cycles. The MS scans (300-1500 m/z range, 200,000 AGC, 50 ms maximum ion
time) were collected at a resolution of 120,000 at m/z 200 in profile mode and the HCD MS/MS
spectra (1.5 m/z isolation width, 30% collision energy, 10,000 AGC target, 35 ms maximum ion
time) were detected in the ion trap. Dynamic exclusion was set to exclude previous sequenced
precursor ions for 20 sec within a 10 ppm window. Precursor ions with +1, and +8 or higher

charge states were excluded from sequencing.

Data analysis for label-free quantification. The label-free quantification analysis protocol was
provided by, and completed under the guidance of the Emory Integrated Computational Core
(EICC), one of the Emory Integrated Core Facilities (EICF), specifically, Ashok Dinasarapu,
PhD, a bioinformatics scientist and was adapted from: http://www.cores.emory.edu/eicc/
documents/2018_0904_EICC_Proteomics_Data_Analysis.pdf.

ThermoFisher generated RAW files, which contain MS/MS spectral counts, were used
for label-free quantitation (LFQ) of proteins in eight biological samples. Base peak
chromatograms were inspected visually using RawMeat software. All RAW files were processed
together in a single run by MaxQuant version 1.6.0.16 with default parameters unless otherwise
specified (http://www.maxquant.org). Database searches were performed using the Andromeda
search engine (a peptide search engine based on probabilistic scoring) with the UniProt mouse

sequence database (update date: 2017) and a contaminants database of common laboratory
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contaminants. MaxQuant provides a contaminants.fasta database file within the software that is
automatically added to the list of proteins for the in-silico digestion when this feature is enabled.

Precursor mass tolerance was set to 4.5 ppm in the main search, and fragment mass
tolerance was set to 20 ppm. Digestion enzyme specificity was set to trypsin with a maximum of
2 missed cleavages. A minimum peptide length of 6 residues was required for identification. Up
to 5 modifications per peptide were allowed; acetylation (protein N-terminal), oxidation (Met)
and amidation (NQ) were set as variable modifications, and carbamidomethyl (Cys) was set as a
fixed modification. No Andromeda score threshold was set for unmodified peptides. A minimum
Andromeda score of 40 was required for modified peptides. Peptide and protein false discovery
rates (FDR) were both set to 1% based off a target-decoy reverse database. Proteins that shared
all identified peptides were combined into a single protein group. If all identified peptides from
one protein were a subset of identified peptides from another protein, these proteins were also
combined into that group. Peptides that matched multiple protein groups (“razor” peptides) were
assigned to the protein group with the most unique peptides.

Peaks were detected in Full MS, and a three-dimensional peak was constructed as a
function of peak centroid m/z (7.5 ppm threshold) and peak area over time. Following de-
isotoping, peptide intensities were determined by extracted ion chromatograms based on the peak
area at the retention time with the maximum peak height. Peptide intensities were normalized to
minimize overall proteome difference based on the assumption that most peptides do not change
in intensity between samples. Protein LFQ intensities were calculated from the median of
pairwise intensity ratios of peptides identified in two or more samples and adjusted to the
cumulative intensity across samples. Quantification was performed using razor and unique

peptides, including those modified by acetylation (protein N-terminal), oxidation (Met) and
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deamidation (NQ). A minimum peptide ratio of 1 was required for protein intensity
normalization, and “Fast LFQ” was enabled.

Data processing and cluster analysis was performed using Perseus version 1.5.0.31
(http://www .perseus-framework.org). Contaminants and protein groups identified by a single
peptide were filtered from the data set. FDR was calculated as the percentage of reverse database
matches out of total forward and reverse matches. Protein group LFQ intensities were
log, transformed to reduce the effect of outliers. Data was filtered by valid values. A minimum
of four valid values was required in at least one group (DRD or normal). For cluster analysis and
statistical comparisons between proteomes, protein groups missing LFQ values were assigned
values using imputation. Missing values were assumed to be biased toward low abundance
proteins that were below the MS detection limit, referred to as “missing not at random”, an
assumption that is frequently made in proteomics studies. The missing values were replaced with
random values taken from a median downshifted Gaussian distribution to simulate low
abundance LFQ values. Imputation was performed separately for each sample from a distribution
with a width of 0.3 and downshift of 1.8. Hierarchical clustering was performed on Z-score
normalized, log, LFQ intensities using Euclidean distance and average linkage with k-means
preprocessing (300 clusters). Log ratios were calculated as the difference in log, LFQ intensity
averages between experimental and control groups. Welsch’s t test calculations were used in
statistical tests as histograms of LFQ intensities showed that all data sets approximated normal
distributions. Base 10-fold-change values for ratios < 1 are represented as negative reciprocals of

the ratios.
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Assessment of proteins associated with dystonia. PubMed searches were performed to
determine whether proteins differentially regulated in DRD mice compared to normal mice (p <
0.05) were previously associated with dystonia. Keywords included the differentially regulated
protein (protein and gene name) and “dystonia”. Studies were reviewed and only those that
demonstrated association between dystonia and the protein of interest were included. When
differentially regulated proteins were components of a larger protein complex, the larger protein

complex was also used as a keyword.

Bioinformatics analysis. Database Annotation, Visualization and Integrated Discovery
(DAVID) Functional Annotation Tool (DAVID Bioinformatic Resources 6.8; Nial D/NIH,
https://david.ncifcrf.gov; Huang da, Sherman et al. 2009) was used to analyze the gene list
associated with significant proteins (p < 0.05). Gene lists uploaded to DAVID to produce a
functional annotation chart. Annotations were limited by species (mus musculus). Default
databases and KEGG (Kyoto Encyclopedia of Genes and Genomes; KEGG_PATHWAY)
database were used. Default options for medium stringency were used for functional annotation
charts. Cytoscape with Enrichment Map plugin for visualizing DAVID output was used to depict
integrations between annotations (pathways) and gene lists. Recommended overlap parameters
were used (http://apps.cytoscape.org/apps/enrichmentmap). Pathways generated from DAVID in
some cases have redundant or similar names (i.e. multiple ‘mitochondrion’ pathways) but differ

on the individual genes that comprise each pathway.

A 4. Results
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The unbiased examination of the striatal proteome identified 1,805 proteins in DRD (n =4) and
normal (n = 4) mouse striata. A volcano plot (Figure A.1) shows only one protein, TH, with FDR
< 0.05. This finding is consistent with the reduced TH protein content and activity observed in

DRD mice (Rose, Yu et al. 2015).
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Figure A.1. Volcano plot of the significance levels of the expression difference between normal and
DRD mice versus the mean difference in protein expression levels. Each dot represents one protein.
The y-axis shows negative log10 transformed P values obtained from protein by protein two-sided t-tests
(e.g., 4 is equal to a P value of 10—4). Red (+) indicates the protein with enriched expression in normal
mice (TH). A protein is called significantly enriched, if it shows a statistically significant expression

difference between the DRD and normal (FDR < 0.05).
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Given this was an exploratory study, we identified proteins upregulated and
downregulated in DRD compared to normal mice using the following nominal p-values cutoffs:
p <0.001,0.01 0.05, and 0.1 (Figure A.2). One protein, TH, was significantly downregulated in
DRD mice when p <0.001 was considered statistically significant (Figure A.2). Eight additional
proteins were differentially regulated in the striatum of DRD compared to normal mice when p <
0.01 was considered statistically significant (Figure A.2). When p < 0.05 was considered
statistically significant, 19 additional proteins were significantly downregulated in the striatum of
DRD compared to normal mice, and 29 additional proteins were upregulated (Figure A.2). When
p < 0.1 was considered statistically significant, an additional 44 additional proteins were
significantly downregulated in the striatum of DRD compared to normal mice, and 35 additional
proteins were upregulated (Figure A.2). The results of differentially regulated proteins, identified
by the ProteinEN and GenelD, are represented in a heat map (Figure A.3). Manual assessment of
differentially regulated proteins (p < 0.05) revealed 12 proteins in which pathogenic variants in
associated genes, or mechanisms directly related to the proteins, were previously linked to the

development of dystonia (Table A.1).
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Figure A.2. Differentially regulated proteins in the striatum of DRD compared to normal mice.
Representation of the total number of proteins upregulated or downregulated in the striatum of DRD
compared to normal mice at each nominal p-value. When p< 0.001 was considered statistically
significant, one protein was significantly downregulated. When p < 0.01 was considered statistically
significant, four total proteins were downregulated and five were upregulated. When p < 0.05 was
considered statistically significant, 23 total proteins were downregulated and 34 were upregulated. When
p< 0.1 was considered statistically significant, 67 total proteins were downregulated and 69 were

upregulated.
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Figure A.3. Heat map of proteins upregulated and downregulated in the striatum of normal and
DRD mice. Relative levels of differentially regulated proteins (p < 0.05) are presented. Protein ID and
associated mapped gene names are clustered based on gene expression patterns. Red represents up-

regulated proteins and blue represents down-regulated proteins (Z-scores). Green column represents
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control samples (n = 4) and the purple column represents DRD samples (n = 4). Figure created by Ashok

Dinasarapu, PhD.
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Table A.1. Differentially regulated proteins (p < 0.05) previously associated with dystonia

—value Difference Gene Protein Associated References
P DRD-WT Name Dystonia/Disorder
. DOPA-responsive (Knappskog, Flatmark et al.
0.0008 -3.72 Th tyrosine hydroxylase dystonia 1995, Rose. Yu et al. 2015)#
. ethylmalonic (Tiranti, Viscomi et al. 2009,
0.0041 0.87 Ethel sulfur dioxygenase encephalopathy Walsh, Sills et al. 2010)
flavoprotein subunit of multisystem (Renkema, Wortmann et al.
0.0064 0.15 Sdha succinate dehydrogenase  mitochondrial disease 2015)
(Miura, Nakagawara et al.
. spinocerebellar ataxia 2009, Ganos, Zittel et al.
0.0101 -0.31 Prkcg protein kinase C gamma type 14 2014, Nibbeling, Delnooz et
al. 2017)
succinate-coenzyme A dvstonia deafness (Maas, Marina et al. 2016,
0.0114 0.25 Sucla?2 ligase, ADP-forming, s yn drome Garone, Gurgel-Giannetti et
beta subunit y al. 2017)
proline-rich paroxysmal kinesigenic (Zhang, Li et al. 2017,
0.0156 -0.56 Prre2 . LT Marano, Motolese et al.
transmembrane protein 2 dyskinesias 2018)
(Strzelczyk, Burk et al. 2011,
0.0185 059  Gabrb2 G‘;B‘.*tf*bretcegtor’ cervical dystonia Berman, Pollard et al.
subunit beta 2018)*
(Jenner 2008, Fuchs,
0.0229 -0.24 Gnb5 G protein subunit beta 5 indirectly associated Saunders-Pullman et al.
2013)*
0.0304 023 Gfap glial flbrlllary acidic Alexander disease (Jefferson, Absoud et al.
protein 2010)
arginyl-tRNA synthetase  pontocerebellar (Glamuzina, Brown et al.
0.0320 0.74 Rars2 2, mitochondrial hypoplasia type 6 2012)
Ca*/calmodulin )
00423 094  Camk2nl dependent protein kinase ~OUuse model of GNAL  (Pelosi, Menardy et al.
Do haplodeficiency 2017)
II inhibitor 1
0.0452 021 Opal OPA1, mitochondrial optic atrophy (Liskova, Ulmanova et al.

dynamin like GTPase

2013)

* Indirectly associated with dystonia
# Additional PubMed results not reviewed
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DAVID was used to probe for novel cellular pathways that may be differentially
regulated in DRD compared to normal mouse striatum. Cytoscape was used to depict
integrations between these pathways and the associated gene list with p values < 0.05 (Figure
A 4). Assessing differentially regulated proteins with p values < 0.05 revealed 14 enriched
pathways (all p’s < 0.001; Table A.2). Mitochondrial-related pathways were predominately

enriched.

Nucleotide binding O

Postsynaptic density

Extracellular exosome
O O Synaptic vesicle
Mitochondrion O Acetylation

Phosphoprotein

Myelin sheath

Mitochondrial O Mitochondrion

inner membrane inner membrane

O OTransit peptide:
mitochondrion
Transit peptide
Figure A 4. Cytoscape enriched pathways of differentially expressed proteins (p < 0.05). Enriched
pathways for proteins with p values < 0.05 are depicted using cytoscape. Outer circle color of node

depicts associated p-value (all p’s < 0.001) for enriched pathways. Lines and associated thickness depict

pathways with the number of shared genes between the enriched pathways.



Table A.2. Cytoscape enriched pathways of differentially expressed proteins (p < 0.05)
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Pathway FDR q-
.. Genes p value
Description value
synaptic vesicle ~ TH|SEPT5|AMPH|RAB8A|SEPT6 3.69E-04 0.011676451
o UQCRC2|ME2|ETHE1|PRDX5| MCCC2| MCCC1|SUCLA2 |[ETFA|OPA1|RARS2 | SDHA [LETM1 |
transit peptide ATP5C1|CKMT1 1.98E-10 1.31E-08
myelin sheath UQCRC2|SUCLA2 | GFAP | GNB5|OMG | SDHA|ATP5C1 | CKMT1 8.00E-07  6.36E-05
UQCRC2 |PALM |ETHEL | PRDX5 | TPM4 |IARS |HSPH1 | CTTN |RPL6 | DNAJAL| SUCLA2 |ETFA|DDB1|S
phosphoprotein ~ DHA|TOMM70A|ATP5C1|SEPT6|DBN1|CKMT1|TH|GFAP|SEPTS|GABRB2|DTD1|AMPH|CAMKV  1.34E-06  4.41E-05
|CULS | DGKB| PRRT2| RABSA | DLGAP3 | ACTN2 | PRKCG | LRPAP1|REM2 | SPATA2L| THEM6
. . YME1L1|UQCRC2 | TH|HSD17B10| ME2 | ETHEL | PRDXS | MCCC2 | MCCC1 | DNAJAL| SUCLA2 |ETFA|
mitochondrion 5 )1 | RARS2 | OCIAD2 |SDHA|LETM1 | TOMMZ70A | ATPSC1 | CKMT1 471E-08  7.49E-06
. . YME1L1|UQCRC2|HSD17B10| ME2 | ETHEL| PRDX5 | MCCC2 | MCCC1 | DNAJAL|SUCLA2 |[ETFA|OPAL
mitochondrion g\ peo [SDHA|LETM1 | TOMM70A | ATPSC | CKMT1 2.63E-10 1.16E-08
transit peptide:  UQCRC2|ME2|ETHEL|PRDX5| MCCC2 | MCCC1|SUCLA2 |ETFA| OPAL|RARS2 |SDHA |LETM1| LTIE00 361E.07
mitochondrion ATP5C1|CKMT1 ' '
g‘e’fltssif;ap“c PRKCG | PALM | CAMK2N1 | RAB8A | DLGAP3 | DBN1 4.54E-04 0011960936
nucleotide- YMELL1|SEPTS |IARS| HSPH1| DGKB|MCCC2 | RAB8A| MCCC1| PRKCG | SUCLA2 |REM2| OPAL | L23E.05  323E.04
binding RARS2|HSPA12A|SEPT6|CKMT1 ' '
nucleotide YMELL1|SEPTS |IARS| HSPH1| DGKB|MCCC2 | RAB8A| MCCC1| PRKCG | SUCLA2 |REM2| OPAL |
binding RARS2|HSPA12A|SEPT6|CKMT1 I81E-04 0029051447
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However, given dysregulated postsynaptic dopamine-mediated signaling pathways are
observed in dystonia, we sought to identify potential molecular interactions that may identify
specific abnormalities in postsynaptic dopamine-mediated signal transduction pathways that lead
to the development of dystonia. DAVID was used to probe for novel signaling pathways within
the KEGG pathway database that may be differentially regulated in DRD compared to normal
mouse striatum. We identified enriched pathways for proteins with p values < 0.05 and cytoscape
was used to depict integrations between KEGG pathways and the associated gene lists (Figure
A.S). Assessing differentially regulated proteins with p values < 0.05 revealed eight enriched

KEGG pathways (all p’s < 0.09; Table A.3).

Carbon metabolism

Q GABAergic

synapse

Metabolic
pathways

Retrograde

endocannabinoid
Q signaling

Valine, leucine, and

isoleucine degradation Morphine addiction

O O

Parkinson’s Alzheimer’s
disease disease

Figure A.5. Cytoscape enriched KEGG pathways of differentially expressed proteins (p < 0.05).
Enriched pathways for proteins with p values < 0.05 are depicted using cytoscape. Outer circle color of
node depicts the associated p-value (all p’s < 0.09) for enriched pathways. Lines and associated thickness

depict pathways with the number of shared genes between enriched pathways.
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Table A.3. Cytoscape enriched KEGG pathways of differentially expressed proteins (p < 0.05)

Pathway Description Genes p value FDR q-value
morphine addiction GABRB2|GNBS5 | PRKCG 0.056756114 0.599647403
. UQCRC2|SDHA|TH|ATP5C1|MCCC2|HSD17B10|

metabolic pathways MCCC1|DGKB | SRM | CKMT1 | SUCLA2 0.028718673 0.598691922
alzheimer's disease UQCRC2|SDHA|ATP5C1|HSD17B10 0.036469602 0.582326059
retrograde endocannabinoid

. . GABRB2|GNB5 | PRKCG 0.067940802 0.611250528
signaling
valine, leucine, and isoleucine MCCC2|HSD17B10|MCCC1 0021714217 0.643639237
degradation
parkinson's disease UQCRC2|SEPTS |SDHA|TH|ATP5C1 0.003190298 0.259453884
gabaergic synapse GABRB2|GNBS5 | PRKCG 0.050396765 0.621737675
carbon metabolism ME2|SDHA|SUCLA2 0.083469874 0.640892686

A.5. Discussion

Our unbiased assessment of the DRD mouse proteome (p < 0.05) revealed 57 differentially

regulated proteins when compared to the normal mouse striatum. Twelve differentially regulated

proteins were previously linked to dystonia. A number of these proteins were related to

mitochondrial functions and cell signaling pathways. Similarly, mitochondrial functions and cell

signaling pathways were identified as enriched pathways.

Mitochondrial sulfur dioxygenase was increased in the DRD mouse striatum.

Mitochondrial sulfur dioxygenase is involved in the catabolism of sulfide, and pathogenic

variants in the associated gene, ETHE], lead to accumulation of toxic sulfide levels. Clinically

this results in the development of ethylmalonic encephalopathy, a severe disorder that in some
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cases is characterized by dystonia (Tiranti, Viscomi et al. 2009, Walsh, Sills et al. 2010). Further,
increased levels of the flavoprotein subunit of succinate dehydrogenase (SDHA) were observed
in the DRD mouse striatum. SDHA is largest catalytic subunit of the electron transport chain,
and pathogenic variants in the SDHA gene lead to a multisystem mitochondrial disease, which
may include Leigh syndrome, and is associated with dystonia (Renkema, Wortmann et al. 2015).
OPA1, a mitochondrial, dynamin-related GTPase, was upregulated in DRD mouse striatum. A
novel pathogenic variant in the OPA1 gene that results in optic atrophy and widespread
neurological disease was recently associated with cervical dystonia; however, a clear relationship
between the pathogenic variant and dystonia has not been determined (Liskova, Ulmanova et al.
2013). Mitochondrial dysfunction is a known cellular pathomechanism in both acquired and
inherited dystonia (Thompson, Jinnah et al. 2011) and these results suggest it may be a relevant
pathomechanism in the DRD mouse model or rather may result following the development of
dystonia.

A number of these differentially regulated proteins are associated with both
mitochondrial dysfunction and basal ganglia or neuronal pathology. This includes succinate-
coenzyme A ligase, ADP-forming, beta subunit (SCS-A), which was upregulated in DRD mouse
striatum. Pathogenic variants in the associated gene, SUCLA2, are associated with mitochondrial
DNA depletion and subsequent lesions of the basal ganglia (Maas, Marina et al. 2016, Garone,
Gurgel-Giannetti et al. 2017). Mitochondrial arginyl-transfer RNA synthetase, a protein essential
for the translation of proteins, was upregulated in DRD mouse striatum. Pathogenic variants in
the associated gene, RARS2, are associated with pontocerebellar hypoplasia type 6, a complex
disorder that can be associated with dystonia and neurodegeneration (Glamuzina, Brown et al.

2012).
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A number of differentially regulated proteins are also involved in cell signaling
pathways, which is consistent with known pathomechanisms of dystonia. Decreased levels of
protein kinase C (PKC) gamma were observed in DRD mice. PKC gamma is involved in
neuronal signal transduction, and pathogenic variants in the associated gene, PRKCG, cause
spinocerebellar ataxia type 14 (SCA14) in which dystonia is observed (Miura, Nakagawara et al.
2009, Ganos, Zittel et al. 2014, Nibbeling, Delnooz et al. 2017).

Decreased levels of proline-rich-transmembrane-protein-2 were observed in the DRD
mouse striatum. This protein interacts with SNAP-25, a presynaptic membrane protein, to
promote calcium-dependent vesicular exocytosis. Pathologic variants in the associated gene,
PRRT?2, disrupt synaptic function, specifically glutamate signaling and glutamate receptor
activity (Li, Niu et al. 2015). PRRT?2 pathologic variants are frequently causative for a type of
paroxysmal dyskinesia that is triggered by movements, termed paroxysmal kinesigenic
dyskinesias (PKD; Zhang, Li et al. 2017, Marano, Motolese et al. 2018). PKD is a movement
disorders in which the most common type of movement observed is dystonia (Bruno, Hallett et
al. 2004).

Decreased levels of the GABA , receptor beta2 subunit, which is involved in the
trafficking and function of GABA, receptors (Goetz, Arslan et al. 2007), were observed in DRD
mouse striatum. Dysregulated GABA signaling was also identified in the Cytoscape enriched
KEGG pathways. Alterations in GABA , receptors have been observed in cervical dystonia
(Berman, Pollard et al. 2018) and benzodiazepines, which function by enhancing inhibitory
GABA activity, can be effective in treating dystonia (Strzelczyk, Burk et al. 2011). However,

these effects are not specific to the striatum.
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Levels of the G protein subunit beta 5 (GB5) were decreased in the DRD mouse striatum.
G proteins are heterotrimeric, consisting of o, 3, and y subunits. Loss of function pathogenic
variants in the gene encoding the alpha subunit, GNAL, are associated with the development of
dystonia (Fuchs, Saunders-Pullman et al. 2013). Further, GPCRs mediate dopamine intracellular
signaling and are negatively regulated by RGS-proteins (Xie and Martemyanov 2011).
Association with G35 is necessary for normal RGS9 function (Masuho, Wakasugi-Masuho et al.
2011), and alterations is RGS9 activity have been associated with other movement disorders
(Jenner 2008).

Decreased levels of calcium/calmodulin dependent protein kinase II inhibitor 1
(CaMK2N1) were observed in the DRD mouse striatum. CaMK2N1 is an inhibitor of
calcium/calmodulin-dependent protein kinase II (CaMKII), a key synaptic signaling protein
that has also been shown to be dysregulated in a mouse model of GNAL haplodeficiency
(Pelosi, Menardy et al. 2017).

Additionally, in the DRD mouse striatum, glial fibrillary acidic protein (GFAP) was
upregulated, and pathogenic variants in the GFAP gene are associated with Alexander disease, a
rare disorder of astrocytes, which has been associated with dystonia and basal ganglia
abnormalities (Jefferson, Absoud et al. 2010).

These results suggest novel pathomechanisms in the DRD mouse model of dystonia. For
example, abnormalities in mitochondrial function may contribute to the dystonia in DRD mice.
However, the mechanism underlying mitochondrial dysfunction is not known. A previous study
administered 3-NPA, a mitochondrial neurotoxin associated with increased striatal dopamine and
basal ganglia lesions, to DYT1 knock-in mice to test whether mutant torsinA results in increased

susceptibility to the effects of oxidative stress and ATP deficits (Bode, Massey et al. 2012).



144

While this study found no indications of sensitized responses, a similar methodology could be
employed to assess mitochondrial dysfunction in DRD mice.

These results also support a relationship between abnormal cell signaling and dystonia in
DRD mice. Future studies assessing the role of RGS-proteins in abnormal postsynaptic signaling
in DRD mice may elucidate specific abnormal dopamine-mediated intracellular signaling
mechanisms that underlie dystonia. To determine whether abnormal GABAergic signaling may
also underlie dystonia in DRD mice, future studies can assess whether DRD mice display
abnormal responses to benzodiazepines, including locomotor or sedative effects (Hsu, Chang et
al. 2017). Determining the effectiveness of benzodiazepines at alleviating dystonia in DRD mice
may also identify additional therapeutic mechanisms that can be studied in this model.
Results from these future studies may ultimately identify striatal abnormalities that underlie
dystonia. Given a number of differentially regulated proteins in this study were previously
associated with dystonia, the DRD mouse model may also identify pathomechanisms underlying

DOPA-responsive dystonia that are common to many forms of dystonia.
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