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Abstract
A new mouse model of L-DOPA-responsive dystonia
By
Samuel J. Rose

Dystonia is a neurological movement disorder characterized by sustained or intermittent
muscle contractions causing abnormal, often repetitive, movements or postures.
Abnormal dopamine neurotransmission is associated with many different dystonic
disorders. For instance, mutations in genes critical for the synthesis of dopamine, including
GTP cyclohydrolase 1 and tyrosine hydroxylase cause L-DOPA-responsive dystonia.
Despite evidence that implicates abnormal dopamine neurotransmission in dystonia, the
precise nature of the dopaminergic defects that result in dystonia is not known. To better
understand these defects, we generated a knockin mouse model of L-DOPA-responsive
dystonia that recapitulates the human p.381Q>K TH mutation (c.1141C>A). Mice
homozygous for this mutation (DRD mice) had reduced TH activity throughout the brain
and striatal dopamine concentration that were ~1% of normal. Although the gross anatomy
of the nigrostriatal dopaminergic neurons was normal in DRD mice, the microstructural
target of corticostriatal synapses was affected; corticostriatal input in DRD mice showed
a shift away from synapses on dendritic spines towards dendrites themselves. DRD mice
displayed the core behavioral features of the human disorder, including dystonia that
worsened throughout the course of the active phase, and improvement in the dystonia in
response to both L-DOPA and trihexyphenidyl. Administration of D1- or D2-type dopamine
receptor agonists reduced the dystonic movements while administration of D1- or D2-type
dopamine receptor antagonists worsened the dystonia, suggesting that both receptors
mediate the dystonic movements. Further, D1-dopamine receptors were supersensitive;
adenylate cyclase activity, locomotor activity and stereotypy were exaggerated in DRD
mice in response to the D1-dopamine receptor agonist SKF 81297. D2-dopamine
receptors responses were blunted or altered in DRD mice with an increase in adenylate
cyclase activity and blunted behavioral responses after challenge with the D2-dopamine
receptor agonist quinpirole. Together, the findings here implicate developmental
dopamine loss within a specific range in the development of dystonia. Further, they
implicate maladaptive changes to dopamine receptor responses as important factors for

this disorder.
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Chapter 1: Introduction

Dystonia

The term dystonia originated in 1911, when Oppenheim reported on 4 young patients with
“dystonia musculorum deformans” (Oppenheim, 1911). Oppenheim noted that “muscle
tone was hypotonic at one occasion and in tonic muscle spasm at another.” Oppenheim
regarded dystonia as a disorder of muscular origin, though it is now appreciated that
central dysfunction causes dystonia. The characterization of dystonia has been updated
and refined throughout the last century, culminating in a 2013 consensus definition and
classification schema authored by a committee of experts (Albanese et al., 2013). The
committee defined dystonia as “a movement disorder characterized by sustained or
intermittent muscle contractions causing abnormal, often repetitive, movements, postures,
or both.” The definition goes on to state that “dystonic movements are typically patterned,
twisting, and may be tremulous.” Further, “dystonia is often initiated or worsened by
voluntary action and associated with overflow muscle activation.” This definition
distinguishes dystonia from other hyperkinetic movement disorders such as chorea and
myoclonus. Further, it defines dystonia based on phenomenology, as opposed to specific

biological dysfunction, which distinguishes it from inherited and degenerative disorders.

Current estimates place the number of patients with dystonia at 3 million worldwide
(Cloud and Jinnah, 2010), making dystonia the third most prevalent movement disorder
behind essential tremor and PD. The actual number of people with dystonia is likely much
higher, however, as proper diagnosis requires access to a highly trained neurologist.
Current treatment options for dystonia are either palliative or inadequate. The most
common treatment for dystonia is botulinum toxin injection into the affected muscles
(Jankovic, 2006), which chemically silences the neuromuscular junction. Oral medications

are only effective in some patients and side effects are common. They include anti-



muscarinics like trihexyphenidyl (THP) and benztropine, as well as muscle relaxers like
benzodiazepines (Greene et al.,, 1988). 3,4-L-dihydroxyphenylalanine (L-DOPA), the
biochemical precursor to dopamine (DA), and other dopaminergic compounds are
effective in a small subset of dystonia patients (Cloud and Jinnah, 2010). Surgical lesion
or deep brain stimulation (DBS) of specific basal ganglia or thalamic nuclei are effective
in certain patients, but are primarily used as a treatment of last resort (Ostrem and Starr,

2008).

A distinguishing feature of dystonia is the heterogeneity in its presentation.
Dystonia can affect nearly all voluntary muscles, thus the body regions affected are widely
varied (Jinnah and Factor, 2015). Dystonia can be generalized, affecting the whole body,
focal, affecting one region, segmental, affecting two or more contiguous regions, or
multifocal, affecting two or more noncontiguous regions. Further, dystonia can be task-
specific, as in writer’'s cramp, where dystonia only arises when the patient engages in a
specific task. Age of onset is also heterogeneous; the initial presentation can occur in
early-childhood or in adulthood (Jinnah and Factor, 2015). Lastly, patients with dystonia
may present with other types of abnormal movement. For instance, patients with dystonia
may also have tremor (Defazio et al.,, 2015), myoclonus (Nardocci, 2011), and

parkinsonism (de Carvalho Aguiar et al., 2004).

Like the heterogeneity in presentation, the causes of dystonia are also diverse.
Known etiologies of dystonia fall into two broad categories, inherited and acquired
(Albanese et al., 2013). Genes associated with inherited forms of dystonia continue to be
discovered (Klein, 2014), including dominant, recessive, X-linked, and mitochondrial
modes of inheritance. Some of these inherited disorders may present as a pure dystonia,
as is the case for DYT1 dystonia, which is caused by a single codon deletion in the TOR1A

gene (Ozelius et al.,, 1997). In contrast, dystonia may be just one feature of a more



complex inherited disorder, as in Lesch-Nyhan disease (Jinnah et al., 2006). These genes
implicate varied biochemical processes including DA signaling, transcriptional regulation,
the cell stress response, mitochondrial function, and calcium handling (Bragg et al., 2011,

Thompson et al., 2011).

Acquired etiologies refer to cases of dystonia caused by a non-genetic nervous
system insult. These etiologies are also diverse. They include perinatal and adult brain
injury, from stroke or trauma (Krauss et al., 1992, Bhatia and Marsden, 1994, Sanger et
al., 2003). Exposure to toxins or infections are also known etiologies (He et al., 1995).
Dystonia can also be an outcome of certain drug therapies (Marsden and Jenner, 1980)
or the symptom of a degenerative disorders like Parkinson’s disease (PD) (Bravi et al.,
1993). Lastly, the cause of many dystonia cases are not yet understood. Many adult-onset,

focal dystonia cases, for instance, are idiopathic in origin.

Because of this etiological heterogeneity, the dystonia field focuses on different
types of research questions than other fields. For instance, in contrast to Huntington’s
disease research, where research questions focus on the specific effects of mutant
huntingtin, dystonia research has to consider more than one etiology. Therefore,
translational dystonia research has largely focused on two different efforts; (1)
understanding the contribution of different neuroanatomical substrates to dystonia through
human neuroimaging and animal model studies, and (2) defining commonly disrupted
molecular pathways in many forms of dystonia. Discovering new genes associated with
dystonia guides the second effort. Biochemical and physiological experimentation on
molecular pathways and circuits affected by multiple etiologies are also important. These
research efforts have the ultimate goal of developing new surgical and pharmacological
treatment strategies to stop involuntary dystonic movement and thus improve patients’

quality of life.



Neuroanatomical substrates of dystonia

Since dystonia is not associated with consistent neuropathology, delineating the
contribution of different brain regions to dystonic movement has been challenging.
Currently, the most accepted neuroanatomical model of dystonia is a network model that
incorporates several brain regions necessary for coordinating normal movement. Those
include the motor cortex, basal ganglia, cerebellum, thalamus, and brainstem (Neychev
et al., 2011, Hendrix and Vitek, 2012, Chen et al., 2014, Prudente et al., 2014). Further,
the motor network model posits that dystonia can be caused by different types of
dysfunction within this network. First, dysfunction from just one of these brain regions may
cause dystonia. Lesion studies and animal model work support a singular role for basal
ganglia or cerebellar dysfunction in certain dystonias (Bhatia and Marsden, 1994, Pizoli et
al., 2002). Second, the network model suggests that abnormal communication between
motor regions can cause dystonia. This idea is supported by diffusion tensor imaging
studies demonstrating abnormal connectivity between motor regions in patients with
dystonia (Carbon et al., 20044, Ulug et al., 2011). Lastly, dystonia may require two “hits”
to the motor network, or dysfunction co-occurring in different brain regions, an idea
supported by some animal model studies (Schicatano et al., 1997). Because of dystonia’s
heterogeneity in etiology and appearance, it is possible that all three of these mechanisms
may cause dystonia in different cases. Thus, these three mechanisms of dysfunction are
not considered to be in competition, but rather complementary to one another by the motor

network model (Prudente et al., 2014).

Because a major goal of translational and clinical neuroscience is to ascribe
dysfunction from one brain region or nuclei to a disorder, much effort has been made to
localize the source of dysfunction in specific types of dystonia. Evidence for basal ganglia

and cerebellar dysfunction has been the strongest. Below is a summary of the functions



of basal ganglia and cerebellum in the coordination of normal movements, and a
discussion of the potential implication of the network dysfunction of these brain regions in

dystonia.

Basal ganglia function and dysfunction in dystonia

The basal ganglia are a collection of nuclei located in the basal forebrain that participate
in the processing of motor, cognitive, and limbic functions (Fig. 1) (DeLong and Wichmann,
2007). The basal ganglia nuclei are components of cortico-subcortical circuit loops through
which cortical information is filtered in the basal ganglia and thalamus networks before it
is sent back to the cerebral cortex (Alexander et al., 1986, Kelly and Strick, 2004). In terms
of motor function, this filtering of cortical information is essential for the proper selection

of movements (Alexander et al., 1986, Graybiel et al., 1994, Mink, 2003).



Figure 1: Structures of the basal ganglia and related circuitry in mouse. Sagittal view of the mouse
brain, immunostained for TH, courtesy of The Gene Expression Nervous System Atlas Project
(GENSAT). Approximate locations of Cortex (Ctx), striatum (Str), globus pallidus (GP), subthalamic
nucleus (STN), thalamus (Thal), substantia nigra pars compacta (SNc), and substantia nigra pars

reticulata (SNr) are noted.



Anatomical organization dictates how information is processed through the motor
striatum (putamen in primates). The information processed in the basal ganglia flows
through two parallel pathways, each starting within the striatum (DeLong and Wichmann,
2007). There, two types of y-aminobutyric acid producing (GABAergic) striatal medium
spiny neurons (MSNSs) exist, giving rise to so-called direct and indirect pathways. Direct
pathway MSNs express D1-type DA receptors (D1DARS), whereas indirect pathway
MSNs express D2-type DA receptors (D2DARSs) (Gerfen et al., 1990, Surmeier et al.,
1996). In primates, direct pathway MSNs project to GABAergic internal globus pallidus
(GPi) (or entopeduncular nucleus in rodents) and substantia nigra pars reticulata (SNr).
Indirect pathway MSNs project to the GABAergic external globus pallidus (GPe) (or globus
pallidus in rodents), which sends projections to the glutamatergic subthalamic nucleus
(STN). STN output converges with striatal afferents from the direct pathway in the GPi and
SNr, which project to the ventroanterior, ventrolateral and caudal intralaminar nuclei of the
thalamus and various upper brainstem nuclei (lateral habenula, pedunculopontine
nucleus, superior colliculus, reticular formation). Further, a glutamatergic projection from
the cerebral cortex to the STN, termed the hyperdirect pathway, also has influence on
basal ganglia output and behavior (Nambu et al.,, 2002, Chu et al., 2015). Lastly,
cholinergic and GABAergic interneurons within the striatum as well as nigrostriatal
dopaminergic inputs also play key roles in basal ganglia function (Bolam et al., 2000,

Calabresi et al., 2000).

Activation of glutamatergic cortical inputs to striatal direct pathway projection
neurons is thought to have a net movement-inducing effect, whereas stimulation of cortical
inputs to indirect pathway neurons is thought to have a net movement-inhibiting effect
(DeLong and Wichmann, 2009). This classical model of the basal ganglia circuitry,

originally introduced in the late 1980s (Albin et al., 1989, DeLong, 1990), was recently



supported by a study where selective optogenetic stimulation of direct pathway MSNs,
indeed, caused movements, while stimulation of indirect pathway MSNs inhibited
movements in mice (Kravitz et al., 2010). Therefore, an imbalance in activity between
these two pathways that favors an increased activity of the direct pathway provides a
theoretical model by which basal ganglia dysfunction may cause dystonia. Other data and
theoretical models cloud this simplistic explanation. For one, a recent study presents data
illustrating that both direct and indirect pathway MSNs are activated during movement
initiation (Cui et al., 2013). Further, two competing models of basal ganglia function exist
and offer their own explanations for dystonic movement. One argues that an imbalance
between striosomal and matrix compartments of the striatum, an organizational structure
based on differential expression of certain peptides transmitters and receptors, underlies
dystonia (Crittenden and Graybiel, 2011). Another model posits that dystonia arises from
a deficiency in center-surround inhibition in the basal ganglia (Mink, 2003). Thus, despite
detailed understanding of the anatomical organization of the basal ganglia, the precise
role of this circuit in normal movement is not clearly defined as of yet. This gap in the
knowledge prevents the acceptance of a universal model of basal ganglia dysfunction in
dystonia. Nevertheless, several lines of evidence implicate some type of basal ganglia

dysfunction in dystonia.

The most direct, and perhaps most influential, evidence for basal ganglia
dysfunction in dystonia comes from a series of studies in the 1980s showing that dystonia
is the most common movement disorder caused by basal ganglia lesion, as detected by
CT scan (Marsden et al., 1985, Pettigrew and Jankovic, 1985, Obeso and Gimenez-
Roldan, 1988). Further, a summary of these findings and other similar studies concludes
that dystonia occurs in 36% of basal ganglia lesion cases including focal lesions to

caudate nucleus, putamen, or globus pallidus, or large lesions that affected multiple nuclei



(Bhatia and Marsden, 1994). Similarly, dystonia can be a symptom of Huntington’s
disease, where degeneration of the dorsal striatum occurs (Louis et al., 1999). Providing
evidence for causation, basal ganglia lesion in animal models can also cause dystonia
(Fernagut et al., 2002, Cuny et al., 2008). Functional imaging studies in patients without
structural lesion, using [*®F]-fluorodeoxyglucose positron-emission tomography (FDG-
PET) and functional magnetic resonance imaging (fMRI), also implicate basal ganglia
dysfunction in dystonia (Niethammer et al., 2011, Lehericy et al., 2013). Though these
studies show altered basal ganglia nuclei signaling in different types of dystonia, the
specific nature of dysfunction differs between studies. For instance, FDG-PET studies of
cervical dystonia patients reported increased glucose metabolism in putamen (Galardi et
al., 1996, Magyar-Lehmann et al., 1997), while patients with DYT6, an inherited form of
dystonia caused by mutations in the THAP1 gene, show decreased glucose metabolism
in putamen (Carbon et al., 2004b). Despite some differences in the specificity of the
findings, these studies provide strong evidence for involvement of the basal ganglia in

many types of dystonia.

Neurosurgical procedures to the basal ganglia are effective in ameliorating several
cases of general dystonia. The most common of these neurosurgical procedure is DBS of
the GPi (Ostrem and Starr, 2008). Other neurosurgical procedures for dystonia involve
STN DBS (Sun et al., 2007) and electrolytic lesion of the GPi (Cooper, 1976). The
mechanisms by which GPi DBS alleviates dystonic movement are not clear, though some
evidence suggests that DBS alters the firing patterns of GPi neurons (Cleary et al., 2013).
GPiDBS is most commonly used in DYT1 dystonia and other childhood-onset generalized
dystonias, where the majority of patients show some improvement (Ostrem and Starr,
2008). Other types of dystonia, including adult-onset cervical dystonia (Hung et al., 2007)

and neuroleptic-induced (tardive) dystonia (Damier et al., 2007) also often benefit from
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GPi DBS. Together, these clinical findings provide strong evidence that basal ganglia

pathophysiology plays a primary role in several forms of dystonia.

Animal models mimicking the genetic basis of certain forms of dystonia also
provide evidence for basal ganglia dysfunction. The most commonly studied genetic
animal models of dystonia are mice that mimic DYT1 dystonia (Goodchild and Dauer,
2004, Dang et al., 2005, Grundmann et al., 2007). These mice do not show an overt
dystonic phenotype, but exhibit subtle motor deficits (Dang et al., 2006, Song et al., 2012).
Subtle structural (Goodchild and Dauer, 2004, Song et al., 2013) and physiological (Pisani
et al., 2006, Sciamanna et al., 2012) changes are observed in the striatum of these mice.
Though their relation to the expression of dystonic movement is still not known, these
findings illustrate that dystonia-causing etiologies disrupt normal basal ganglia structure

and function.

Cerebellar dysfunction in dystonia

Evidence also implicates abnormal cerebellar signaling in dystonia, though the role for the
cerebellum has only been taken into consideration recently. For one, many of the same
FDG-PET and fMRI studies that illustrate abnormal basal ganglia signaling in dystonia,
also show abnormal cerebellar signaling (Galardi et al., 1996, Magyar-Lehmann et al.,
1997, Carbon et al., 2004b). Further, postmortem studies from cervical dystonia patients
show lesions and anatomical abnormalities in the cerebellum (Prudente et al., 2013,
Zoons and Tijssen, 2013). Surface stimulation of the cerebellum and surgical lesion of
cerebellar output have been successful in treating a small handful of dystonia cases
(Hitchcock, 1973, Davis, 2000). Lastly, animal model studies have provided the strongest
evidence for cerebellar involvement in dystonia. A series of studies with tottering mice
clearly implicate cerebellar output as the driving force behind the dystonic movement in

these mice (Campbell and Hess, 1998, Campbell et al., 1999, Raike et al., 2013).
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Cerebellar dysfunction also drives the dystonia in the genetically dystonic dt rat (LeDoux
et al., 1993), a model of rapid-onset dystonia parkinsonism (Calderon et al., 2011), and a
pharmacological model where cerebellar circuitry is activated by kainic acid (Pizoli et al.,
2002). Taken together, these data illustrate that the basal ganglia is not the sole driver of
dystonic movement and further support a network model of dystonia

How the motor network incorporates pathological signals from basal ganglia or
cerebellum to generate dystonic movement is poorly understood. Classical views of the
neuroanatomy of the motor network posits that cerebellar output is funneled through
thalamus to motor cortex (Allen and Tsukahara, 1974). Similarly, basal ganglia output is
funneled through thalamus to motor cortex (DeLong and Wichmann, 2009). In this view,
motor cortex would integrate pathological signals from either basal ganglia or cerebellum
and deliver this perturbed signal to the spinal cord and muscles. More recently, direct,
reciprocal connections between basal ganglia and cerebellum have been discovered
(Hoshi et al., 2005, Bostan et al.,, 2010). Those connections appear to be important
neuroanatomical conduits for dystonia in certain animal models (Neychev et al., 2008,
Chen et al., 2014). Efforts to incorporate these direct connections into treatment strategies

for dystonia are still in their infancy.

Dysfunctional DA neurotransmission as a common molecular pathway in dystonia

Similar to the evidence implicating several brain regions, there is evidence implicating
several molecular pathways in dystonia. There is no single molecular pathway disrupted
in all forms of dystonia. However, certain molecular pathways are disrupted in several
forms of dystonia. Studying how these common molecular pathways are disrupted is
critical for the development of therapeutics. The molecular pathways implicated in dystonia
involve DA signaling, transcriptional regulation, the cell stress response, mitochondrial

function, and calcium handling. The evidence implicating these pathways are highlighted
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in several recent reviews (Bragg et al., 2011, Thompson et al., 2011, Ledoux et al., 2013,
Klein, 2014). Special emphasis here is placed on the evidence implicating dysfunctional
DA neurotransmission in dystonia.

DA was identified as a putative neurotransmitter more than fifty years ago. First
thought to be an intermediary in NE synthesis, pioneering work by Carlsson and
colleagues identified it as a transmitter in its own right, independent of its role in NE
synthesis (Carlsson et al., 1957, Carlsson et al., 1958). Later, integral roles for DA in
several neurological and psychiatric diseases were found. First, Ehringer and
Hornykiewicz observed that DA concentrations were consistently reduced in the caudate
and putamen of PD patients (Ehringer and Hornykiewicz, 1960). This observation lead to
the first successful treatment of PD with L-DOPA (Cotzias et al., 1967). Later, DA receptors
were identified as the principle mediators of antipsychotic efficacy (Snyder et al., 1970,
Seeman et al.,, 1976), placing DA central to theories of schizophrenia and psychosis.
Lastly, DA was identified as the principle mediator of the rewarding effects of cocaine and
intracranial self-stimulation (Corbett and Wise, 1980, Ritz et al., 1987), placing DA central
to theories of drug addiction. These observations made DA neurotransmission one of the
most highly published fields of neuroscience in the later part of the 20" century, and led
to detailed understanding of the anatomy and physiology of the DA system.

The distribution of DA-producing neurons was first described in a study using
histofluorescence techniques in rat brain (Dahlstroem and Fuxe, 1964). Dahlstroem and
Fuxe defined twelve distinct catecholamine-containing nuclei that they designated Al-
Al12. Though more nuclei were added, that nomenclature is still used today. The most
widely studied are the A8-A10 nuclei of the ventral midbrain, containing retrorubral field
(A8) substantia nigra pars compacta (A9; SNc), and ventral tegmental area (A10; VTA).
These midbrain DA neurons send axonal projections to structures throughout the

forebrain, though densest projections are to the striatum (Matsuda et al., 2009). In rodents,
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these projections are divided into three forebrain-projecting pathways, nigrostriatal,
mesolimbic, and mesocortical (Fallon and Moore, 1978, Prensa and Parent, 2001), though
work in primates acknowledges that these pathways are not entirely segregated (Williams
and Goldman-Rakic, 1998). Nigrostriatal projections originate from SNc and innervate the
dorsal striatum. Mesolimbic and mesocortical projections originate from VTA and
innervate the ventral striatum, including nucleus accumbens, as well as the cerebral
cortex. Other notable DA producing neurons are the All spinal cord-projecting
hypothalamic neurons, the A12 arcuate nucleus neurons, the A16 olfactory bulb neurons,

and the A17 amacrine cells of the retina (Bjorklund and Dunnett, 2007).

DA neurons are identified based on molecular markers, all of which play a role in
DA synthesis and signaling. All DA neurons express the rate limiting enzyme of DA
synthesis, tyrosine hydroxylase (TH), which converts dietary tyrosine to L-DOPA (Fig. 2)
(Nagatsu et al.,, 1964). Similarly, DA neurons express aromatic acid decarboxylase
(AADC), which converts L-DOPA to DA. DA neurons package DA into synaptic vesicles
via the vesicular monoamine transporter 2 (VMAT2). Depolarization of the neuron through
action potential causes Ca?"influx, vesicular fusion to the extracellular membrane, and the
release of DA. Though many types of DA neurons cannot recycle DA once released,
midbrain DA neurons express the DA transporter (DAT), which recovers DA from the

extracellular space (Giros et al., 1996).



14

TH + BH,
DAT /

." L-DOPA

l AADC

DA

D2DAR

Figure 2: Schematic of a presynaptic DA terminal. Dietary tyrosine is converted to L-DOPA by TH.
L-DOPA is then converted to DA by AADC. DA is packaged into synaptic vesicles by VMAT?2.
Extracellular DA may be subject to reuptake in the presynaptic terminal via DAT. D2DARs exert
auto-inhibition on synthesis and release of DA. GTP cyclohydrolase 1 (GCH1), 6-pyruvoyl
tetrahydrobiopterin synthase (PTS), and sepiapterin reductase (SPD) are necessary for

biosynthesis of the TH cofactor tetrahydrobiopterin (BHa).
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DA is metabolized by monoamine oxidase (MAO) and catechol-O-
methyltransferase (COMT). First, MAO-A, expressed intracellularly, oxidizes DA to 3,4-
dihydroxyphenylacetic acid (DOPAC) (Westerink, 1985, Wood and Altar, 1988).
Extracellular COMTs, expressed on cell-surface membranes, convert DA to 3-
methoxytyramine. DOPAC and 3-methoxytyramine can further be broken down by glial
COMT and MAO-B, to homovanillic acid. Inhibitors of MAO and COMT alter DA
homeostasis and have been used to augment the efficacy of L-DOPA therapy in PD, as

well as in the treatment of psychiatric disorders (Shih et al., 1999).

Tyrosine hydroxylase

TH is the rate limiting enzyme in DA biosynthesis (Nagatsu et al., 1964), and thus plays a
critical role in DA signaling. Since it discovery, TH has been widely studied. First, within
the context of norepinephrine (NE) and epinephrine synthesis in the adrenal glands, and
later in DA and NE synthesis in the brain (Kumer and Vrana, 1996). In humans, TH mRNA
undergoes alternative splicing, whereby 4 different splice-variant protein products, hTH1-
4, may be formed (Kobayashi et al., 1988). hTH1 and hTH2 isoforms are the most
abundant in brain (Le Bourdelles et al., 1988). Rodents, however, are only known to
generate one isoform, with the closest homology to hTH1. TH is divided, broadly, into
three functional units. The N-terminal regulatory domain is the site of multiple
phosphorylation sites that participate in the regulation of enzyme activity. The internal
catalytic domain contains binding sites for iron, BH4, and tyrosine, and is the site of L-
DOPA formation (Fitzpatrick, 2000). The C-terminal domain is necessary for TH to form a

functional homotetramer (Vrana et al., 1994).

TH is regulated by multiple mechanisms, all with the potential of altering the rate
of catecholamine synthesis. First, catecholamines can regulate TH activity through

feedback inhibition (Ramsey and Fitzpatrick, 1998). Catecholamines inhibit TH activity
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through competition with BH4 (Zigmond et al., 1989). While catecholamines acutely inhibit
TH activity, they also stabilize the enzyme through interactions with iron (Haavik et al.,
1990), structurally preserving the enzyme for reactivation. TH activity is also acutely
regulated by phosphorylation. Four serine residue phosphorylation sites, Ser8, Serl9,
Ser40, Serl43, are located in the N-terminal regulatory domain and regulate the net
activity of the enzyme (Campbell et al., 1986). These sites are phosphorylated by several
protein kinases, including cyclic AMP-dependent protein kinase A (PKA), extracellular
signal-regulated kinases (ERKSs), calcium-calmoduin protein kinase Il (CaMKII), to hame
a few (Kumer and Vrana, 1996), showing that many signaling pathways located at the
presynaptic terminal converge on TH to regulate catecholamine synthesis. Notably,
D2DARs inhibit TH activity through PKA-dependent phosphorylation of TH (Pothos et al.,
1998, Ford, 2014), illustrating a second mechanism by which DA may exert feedback
inhibition on TH activity. TH transcription and translation are also heavily regulated by
feedback inhibition. Direct and indirect DA agonists have been shown to decrease TH
MRNA levels (Weiss-Wunder and Chesselet, 1992, Vrana et al., 1993), a third mechanism
for DA to inhibit its own synthesis. Translation of TH mRNA to protein is another site of
regulation, shown in a study where human TH was transgenically overexpressed in mice.
These mice, despite having a 50-fold increase in TH mRNA, only show minor increases
in levels of TH protein (Kaneda et al., 1991). Taken together, these redundant
mechanisms illustrate the importance the DA system places on tuning TH activity to a

precise level.

DA receptors

G protein-coupled DA receptors mediate the physiological functions of DA. These
receptors have been intensely investigated because most antipsychotic drugs have affinity

for DA receptors (Snyder et al., 1970, Seeman et al., 1976). Five different DA receptor
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genes have been identified, coding D1-D5 DA receptors (Tiberi et al., 1991, Sibley and
Monsma, 1992, Vallone et al., 2000). The five receptors are categorized into two types,
based on their pharmacological properties. D1 and D5 DA receptors are Gas-coupled
and stimulate cyclic adenosine monophosphate (CAMP) production by adenylate cyclase
(AC). D2, D3, and D4 DA receptors are Gai-coupled and inhibit AC activity (Kebabian and
Calne, 1979). Thus, D1 and D5 are grouped with the designation D1-type DA receptors
(D1DARSs) and D2, D3, and D4 are designated D2-type DA receptors (D2DARs). DA
receptors are expressed in pituitary, kidney, adrenal glands, gastrointestinal tract, as well
as many other structures outside the brain (Missale et al., 1998, Aperia, 2000, Li et al.,
2006). In brain, D1DARs and D2DARs are expressed in most forebrain structures, with
the greatest abundance in striatum, cortex and hippocampus (Lein et al., 2007). One
distinguishing aspect of DA receptor expression is that D2DARs are expressed by
midbrain DA neurons, whereas D1DARs are not. There, D2DARs act as autoreceptors,
inhibiting DA synthesis and release (Pothos et al., 1998). MSNs in the striatum primarily
express either the D1 or D2 DA receptor (Gerfen et al., 1990, Surmeier et al., 1996),
though henceforth the D1IDAR and D2DAR designation will be used when referring to
striatal DA receptors.

Consisting of a, B, and y-subunits, all G proteins are activated by a similar
mechanism. Without agonist bound to the receptor, the a-subunit is bound to GDP and
the By-complex in an inactive, trimeric complex. Upon agonist binding, conformational
changes in the receptor-G protein complex result in GDP release, GTP binding to the a-
subunit, and the dissociation of the a-subunit from the By-complex. Once dissociated, the
a-subunit can affect second messengers (Casey and Gilman, 1988, Tang and Gilman,
1991). D1DAR-coupled Gas/or proteins interact with AC to stimulate cAMP production
which, in turn, stimulates cAMP-dependent protein kinase A (PKA) activity (Kebabian and

Calne, 1979). PKA can affect multiple downstream targets. One of these is the 32-kD DA
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and cAMP-regulated phosphoprotein (DARPP-32), which amplifies D1DAR signaling and
affects multiple downstream processes (Svenningsson et al., 2004). Downstream of
DARPP-32, D1DARs affect the activity of ERK1/2 (Chen et al., 2004). ERK1/2 activity is
coregulated by glutamate receptors, thus ERK1/2 integrates signaling from DA and
glutamate systems to induce long-term changes to synaptic plasticity and gene
transcription (Valjent et al., 2005, Valjent et al., 2006, Girault et al., 2007). Lastly, D1DARs
affect ion channels and ionotropic receptors, and thus membrane excitability, through
direct association with ion channels (Kisilevsky et al., 2008), or through downstream
signaling cascades (Greengard, 2001).

In normal animals, D1DAR activation is correlated with increased behavioral
activation, consistent with a model where direct pathway activation increases movement.
Indeed, D1DAR-specific agonist administration induces locomotion, while D1DAR-specific
antagonists decrease locomotion in rodents (Arnt et al., 1992). Dysregulation of these
signaling cascades is seen in animal models of L-DOPA-induced dyskinesias (LIDs) and
attention deficit-hyperactivity disorder (ADHD), as well as patients with mutations in GNAL,
the gene coding Gasar. Thus, D1DAR signaling plays an important role in motor behavior.

Classical D2DAR signaling occurs through Gai-mediated inhibition of AC and PKA.
Thus, activation of D2DARs opposes many of the cellular actions of D1DARSs, including
the inhibition of DARPP-32 and ERK1/2 (Svenningsson et al., 2004), albeit in different
cell-types in striatum D2DARs activation, therefore, has a net inhibitory effect on the
membrane excitability of indirect pathway MSNs. A second, B-arrestin2-dependent, mode
of D2DAR signaling has also been described. After prolonged activation, D2DARs become
phosphorylated by G protein-coupled receptor kinases (GRKs) and recruit B-arrestin2,
which ceases Gaq; signaling and promotes receptor internalization (Claing et al., 2002).

Along with this role, B-arrestin2 signals through a glycogen synthase kinase 3 dependent
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cascade to mediate the effects of many dopaminergic drugs (Bohn et al., 2003, Bohn et
al., 2004, Masri et al., 2008).

The role of D2DARs activation in the induction and control of movements is more
complex than that D1DARs activation. Where D1DAR activation is almost always
associated with movement induction, D2DARs activation only induces movements in
specific scenarios. For one, selective D2DAR agonists have antiparkinsonian effects in
PD patients (Biglan and Holloway, 2002). Likewise, D2DAR knockout mice exhibit
parkinsonian-like movement impairment (Baik et al., 1995). Further, D2DAR antagonists
inhibit spontaneous and amphetamine-induced locomotion in rodents (Pijnenburg et al.,
1975, Sanberg, 1980). The selective D2DAR agonist quinpirole, however, also inhibits
locomotion in rodents (Van Hartesveldt et al., 1994, Li et al., 2010). Part of this inhibitory
effect may be due to activation of D2DAR autoreceptors. D2DARs expressed on striatal
interneurons are also likely involved because quinpirole also inhibits locomotion in mice
lacking D2DAR autoreceptors (Anzalone et al., 2012). To complicate matters more,
D2DARs appear to mediate the hyperactivity phenotype of an attention deficit hyperactivity
disorder model (Fan et al.,, 2010). Thus, depending on the context or experimental

approach, D2DAR activation may facilitate or inhibit movement.

DA and the development of the basal ganglia

Along with DA’s role as an important neuromodulator in adult animals, it is becoming
increasingly clear that DA plays a role in the development of the basal ganglia. In rodents,
midbrain DA neurons begin to send axons to what will become the striatum starting at
embryonic day 14 (Verney et al., 1982). DA receptor expression also begins around this
time (Schambra et al., 1994). During the first two postnatal weeks, a dramatic increase in
striatal DA concentration occurs and DA receptors tune their sensitivity to DA (Roffler-

Tarlov and Graybiel, 1987, Kim et al., 2002). By postnatal day 14, DA is necessary for
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feeding and movement, as mice deficient in DA exhibit aphagia and akinesia at this age

(Zhou and Palmiter, 1995).

DA is not necessary for the development of gross structures in the brain; humans
and mice with genetic deficiency in DA synthesis show normal gross anatomy of the brain
(Snow et al., 1993, Rajput et al., 1994, Zhou and Palmiter, 1995). While cortical neurons
exhibit robust changes in morphology as a result of developmental perturbations to the
DA system (Money and Stanwood, 2013), structural changes to the striatum are more
subtle. DA is, however, critical for the proliferation and a maintenance of dendritic spines
on MSNs. In an MSN cell culture model, DA receptor blockade reduces spine formation
(Fasano et al.,, 2013). Similarly, rats lesioned with the dopaminergic neurotoxin 6-
hydroxydopamine (6-OHDA) as neonates show a reduction in MSN spine density (Ingham
et al., 1989). Interestingly, the same reduction in MSN spine density is observed in hyper-
dopaminergic DAT knockout mice (Berlanga et al., 2011), indicating that proper MSN
spine formation requires DA transmission to be tuned to a suitable range. How MSN spine
density changes relate to circuit function and dysfunction is not yet known. Further, the
importance of spine density changes to developmental disorders where DA signaling is
perturbed is not yet clear. These observations do, however, illustrate the importance of

DA in the proper anatomical development of the striatum.

Evidence for DA dysfunction in dystonia

Many acquired and inherited dystonias are associated with dysfunction of the DA system.
Dystonia is sometimes observed in patients with PD. In fact, a dystonic foot is often the
first symptom of PD (Tolosa and Compta, 2006). In early-onset PD cases, blepharospasm
and cervical dystonia are also sometimes seen. More commonly, dystonia is an aspect of
the motor fluctuations that occur from long-term L-DOPA therapy in PD. Motor fluctuations

consist of peak-dose dyskinesia, commonly referred to as LIDs, and off-dystonia. Peak-



21

dose dyskinesias typically consist of stereotypic, choreaform movements and occur
directly following L-DOPA dosage (Voon et al., 2009). Off-dystonia occurs after the L-
DOPA dose wanes and consists of debilitating segmental or generalized dystonia
(Marconi et al., 1994, Fahn, 2000, Ha and Jankovic, 2011). Animal models have provided
some clues to the mechanisms of peak-dose dyskinesia (Andersson et al., 1999, Santini
et al., 2007, Westin et al., 2007), but the neural mechanisms involved in off-dystonia are
less understood. GPi DBS is an effective treatment for off-dystonia, implicating abnormal

basal ganglia output (Ostrem and Starr, 2008).

A second acquired dystonia associated with dysfunctional DA neurotransmission
is tardive dystonia, caused by a reaction to DA receptor antagonists. The first family DA
receptor antagonists, termed typical antipsychotics, were introduced in the 1950s to treat
psychosis in schizophrenia patients. Later, a second generation of atypical antipsychotics
like clozapine, were introduced with lower incidence of motor side effects (Correll and
Schenk, 2008). Both classes of drugs block D2DARs (Snyder et al., 1970). Typical
antipsychotics can cause an acute dystonic reaction in rare cases (Mehta et al., 2015),
but tardive symptoms are more common, developing after several months of antipsychotic
administration. Roughly 10-20% of patients taking typical antipsychotics for more than a
few months develop tardive symptoms, which may include dystonia (Sethi et al., 1990,
van Harten et al., 1996). The dystonic movements are typically focal or segmental and
involve the trunk and neck (Mehta et al., 2015). The mechanisms of tardive dystonia are
poorly understood. It is unclear why tardive dystonia develops rather than other tardive
syndromes. Hypotheses currently focus on D2DAR supersensitivity (van Harten and
Tenback, 2011, Mehta et al., 2015), with the idea that chronic antagonism of D2DARs
produces functional supersensitivity of D2DARs to DA which eventually results in basal

ganglia pathophysiology and abnormal movement. Indeed, animal studies illustrate that
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chronic antipsychotic administration causes an increase in the expression of functional
D2DARs (Prosser et al., 1989, Bernard et al., 1991, Seeman et al., 2005). A cohesive
understanding of how these changes to D2DAR sensitivity produces dystonic movement

is currently lacking.

Many inherited disorders that disrupt genes necessary for normal DA
neurotransmission cause dystonia. The most straightforward and commonly used
example of these disorders is L-DOPA-responsive dystonia (DRD), caused by mutations
in genes necessary for DA biosynthesis (Gorke and Bartholome, 1990, Ichinose et al.,
1994, Ludecke et al., 1995). More recently, other inherited dystonias associated with DA
neurotransmission have been described. For one, a mutation in VMAT2 causes a
complex, childhood-onset disorder involving dystonic movements as well as mood
disturbances and autonomic dysfunction (Rilstone et al., 2013). AADC mutations cause a
similar clinical phenotype to VMAT2 deficiency (Brun et al., 2010). Loss-of-function
mutations in DAT cause a childhood-onset movement disorder that can involve dystonia
and parkinsonism (Ng et al., 2014). Lesch-Nyhan disease causes reduced striatal DA and
dystonia (Visser et al., 2000, Jinnah et al., 2006). Patients with VMAT2, AADC, DAT
mutations, as well as Lesch-Nyhan disease patients, show poor response to L-DOPA,

distinguishing them from patients with DRD (Kurian et al., 2011, Visser et al., 2011).

Recent neuroimaging studies implicate altered DA release in idiopathic dystonia.
Using techniques that indirectly assess DA release by measuring the displacement of a
radiolabeled DA receptor antagonist, two recent studies found reduced DA release in
writer's cramp and spasmodic dysphonia (Berman et al., 2013, Simonyan et al., 2013).
Further, deficits in DA receptor binding have been observed in idiopathic blepharospasm
and cervical dystonia (Naumann et al., 1998, Horie et al., 2009). These deficits are likely

more subtle than those found in the inherited dystonias covered above; however, they
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illustrate that some deficiency in DA neurotransmission might be a general feature of a

large subgroup of dystonias.

DRD as a disorder prototypical of dystonia arising from DA dysfunction

Despite being relatively rare, DRD is widely cited as a prototypical case where
dysfunctional DA neurotransmission causes dystonia (Wichmann, 2008, Tanabe et al.,
2009, Bragg et al., 2011, Thompson et al., 2011, Song et al., 2012). One reason DRD is
presented in this way is because of its conceptual simplicity, where DA synthesis is
disrupted and dystonia results. DRD also serves as prototypical disorder for several other
reasons. For one, almost all dystonias arising from DA dysfunction are associated with
reduced DA neurotransmission. Tardive dystonia is caused by DA antagonists and off-
dystonia by waning of L-DOPA dosage. Most of the inherited dystonias disrupt DA
neurotransmission in a way that would predict reduced signaling. One exception may be
mutations to DAT, though DAT knockout and knockin mice exhibit complex changes to
the DA system including reduced TH protein levels (Jones et al., 1998, Mergy et al., 2014).
Thus, some humans with DAT deficiency may also exhibit a net reduction in DA
neurotransmission.

Lastly, DRD is a disorder poised to answer several questions about the complex
relationship between DA signaling and the disparate presentations of dystonia,
parkinsonism, and other movement disorders. As covered earlier, the genetic and
acquired etiologies that disrupt DA neurotransmission cause dystonia, but also other
movement disorders in several cases. For example, neuroleptic medications may cause
tardive dystonia, but tardive dyskinesia or parkinsonism may also occur (Mehta et al.,
2015). These varied presentations argues that dystonia is caused by reduced DA
neurotransmission along with a very specific set of circumstances. Thus, the reduction in

presynaptic DA neurotransmission likely combines with adaptive processes which
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together results in dystonia rather than parkinsonism or other outcomes. DRD, particularly
an etiological animal model of DRD, provides a means to understand this complex
relationship.

DRD: Clinical features

The clinical features of DRD were first reported in the 1970s by Segawa and collegues
(Segawa et al., 1971). Though genetics have added to our understanding of the disorder
and expanded the phenotype to some degree, Segawa’s initial description is largely
consistent with the current consensus of the clinical presentation of DRD. The classical
DRD presentation is characterized by dystonia of the lower limbs, with notable diurnal
fluctuations (Kurian et al., 2011). Sometimes, the syndrome progresses to generalized
dystonia as patients age. Other movement disorders can co-occur, including tremor,
myoclonus, and parkinsonism. Psychiatric symptoms such as anxiety and depression are
common in DRD patients, however intellectual disability is rare (Wijemanne and Jankovic,
2015). The typical age of onset is around 6 years old, though adult-onset cases are
described (Segawa, 2009). An excellent response to L-DOPA is considered a hallmark
feature of DRD. In fact, many patients exhibit a dramatic response to their first dose of L-
DOPA (Bandmann and Wood, 2002). Dyskinetic side effects of the L-DOPA therapy are
considered rare in DRD patients, though they can occur when doses are too high (de la
Fuente-Fernandez, 1999, Hwang et al., 2001). Serum levels of homovanillic acid are low
in DRD patients, consistent with impaired catecholamine synthesis (Kurian et al., 2011).
Further, reduced brain DA and TH protein, without markers of degeneration, are shown in

two postmortem studies (Rajput et al., 1994, Furukawa et al., 1999).
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Mutations in tetrahydrobiopterin (BH.) synthesizing enzymes

DRD is most commonly associated with autosomal dominant GTP cyclohydrolase 1
(GCH1) deficiency. GCHL1 is necessary for the initial step in the synthesis of BH4, a
cofactor for TH (Ichinose et al., 1994, Clot et al., 2009). BH4 is also a cofactor for other
important brain enzymes including nitric oxide synthase, phenylalanine hydroxylase, and
tryptophan hydroxylase (Longo, 2009). GCH1 deficiency shows partial penetrance,
whereby the disorder is more predominant in females by a ratio of roughly 6:1 (Furukawa
et al., 1998, Segawa et al., 2003). Molecularly, most GCH1 mutations are missense or
deletions (Clot et al., 2009). Mutant GCH1 might interact with the normal protein, encoded
by the remaining normal allele, conferring a dominant negative effect on BH,4 synthesis
(Thony and Blau, 2006). Alternatively, large deletions in GCH1 may cause
haploinsufficiency. Inherited DRDs caused by mutations in other genes necessary for BH.4
synthesis have also been described, including 6-pyruvoyltetrahydrobiopterin reductase
(PTS) deficiency and sepiapterin reductase (SPD) deficiency (Kurian et al., 2011). The
lack of BH4smay confer instability in TH. Indeed, reduced staining for TH is observed in the

striata of patients with GCH1 mutations (Furukawa et al., 1999).

Mutations in TH

Mutations in TH were first suggested as a cause of DRD based on the observation that
the metabolic pathology was different in some DRD patients than others (Gorke and
Bartholome, 1990). Gorke and Bartholome observed reduced homovanillic acid but
normal 5-hydroxyindolic acid in a DRD patient, and suggested that this may be due to an
inherited error in catecholamine synthesis, but normal serotonin (5-HT) synthesis. Later,
a missesnse mutation in TH (p.381Q>K) associated with autosomal recessive DRD was
discovered in a Dutch family, confirming this assertion (Knappskog et al., 1995, Ludecke

et al., 1995). Soon after, a point mutation (p.205P>L) causing infantile parkinsonism was
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discovered (Ludecke et al., 1996), illustrating that mutations in TH can cause dystonia or
parkinsonism. Recently, a patient carrying two TH mutations was described with
myoclonus-dystonia (Stamelou et al., 2012). Because the clinical manifestations of TH
mutations do not always overlap with classical DRD, clinicians now use the moniker TH
deficiency (THD) to describe these cases (Zafeiriou et al., 2009, Willemsen et al., 2010).
In fact, a categorization schema dividing THD into two groups has been proposed
(Willemsen et al., 2010). Type A THD denotes the classical DRD presentation, whereas
type B denotes a more severe, infantile parkinsonism presentation. Type B THD patients
may also exhibit encephalopathy, intellectual disabilities and other complications

(Zafeiriou et al., 2009).

To date, 49 causative mutations have been described in 71 different individuals
with THD (Willemsen et al., 2010, Fossbakk et al., 2014, Tan et al., 2014). Most of these
mutations are unique to the families studied, and only one common variant in TH has been
found (van den Heuvel et al., 1998). Most THD cases are caused by missense mutations,
though five nonsense mutations have been described. All THD patients described in the
literature carry two, often different, mutant alleles, though a man carrying one nonsense
allele developed PD in his 50s (Bademci et al., 2010). Further, the mutations primarily
occur in the catalytic or C-terminal tetramerization domains, though three promotor region

mutations haven been described (Willemsen et al., 2010).

The biophysical effects of these mutations have been described in several studies
(Knappskog et al., 1995, Ludecke et al., 1996, Royo et al., 2005, Fossbakk et al., 2014).
Several THD mutations are positioned at amino acid residues at the predicted active site
of the enzyme (Andersen et al., 2002, Calvo et al., 2010). These mutations may affect
interactions with BHg, iron, or the tyrosine substrate at the active site. Alternatively, they

may affect substrate selectivity for tyrosine, conferring reduced enzymatic activity. Several
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mutations in the C-terminal domain cause reduced protein stability and solubility (Royo et
al., 2005, Fossbhakk et al., 2014). Stability defects also result from interruption of BH4
interacting residues, as BH, acts as a stability-promoting chaperone (Calvo et al., 2010).
Likely, decreased stability and solubility converge to reduce activity, as they often do in
vitro; though how that may occur in DA neurons is not known. In vitro enzymatic activity,
however, is a good predictor of disease phenotype in humans, as mutations associated
with 15-30% residual activity are associated with type A THD, whereas those associated
with 1-10% residual activity are associated with the more severe, type B THD phenotype

(Fossbakk et al., 2014).

Animal models closely resembling DRD

To date, no animal models have been developed with the precise genetic etiology of DRD.
Several animal models, however, exist on the basis of disrupting DA synthesis early in
development, which may be considered the core etiology of DRD. These include
developmental dopaminergic lesion models and mice where catecholamine synthesis
proteins are knocked out. The phenotypes of these models, as well as mechanistic

insights gained from them are presented below.

Neonatal 6-OHDA-lesioned rats

Rats lesioned as neonates with the dopaminergic neurotoxin 6-OHDA have been
extensively studied for several decades. Though these rats do not exhibit dystonic
movements, they exhibit disrupted DA neurotransmission early in development, similar to
what occurs in DRD. Thus, adaptive changes that occur in this model may be similar to
those seen in DRD. To produce this model, rats are typically given an intracisternal
injection of 6-OHDA between postnatal day 3 and 5. The typical lesion produces over a

90% loss of TH immunostaining and DA content in the striatum by lesioning the axonal
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fibers from midbrain DA neurons (Breese and Traylor, 1972). Initial behavioral studies of
these rats in adulthood garnered much attention due to their striking difference from rats
lesioned with 6-OHDA as adults (Shaywitz et al., 1976, Breese et al., 1984b). Most
notably, these rats exhibit a paradoxical hyperactive phenotype, contrasting the notable
akinesia seen in rats lesioned as adults (Ungerstedt, 1971a). Feeding behavior is also
spared in the neonatal-lesioned animals, whereas adult-lesioned animals exhibit adipsia
and aphagia. Thus, the disparity between these two phenotypes illustrates the marked
difference in the behavioral effect of adult DA depletion versus DA depletion early in

development.

The neural mechanisms of this behavioral disparity have been examined with
pharmacological and anatomical techniques. For one, neonatal-lesioned rats exhibit much
greater sensitivity to D1DAR activation than adult-lesioned animals (Breese et al., 1984a).
Further, these rats show increased sensitization to D1DAR activation, where repeated
doses of a D1DAR agonist cause a greater and greater locomotor response (Criswell et
al., 1989). Sensitization to D1DAR agonism in neonatal 6-OHDA-lesioned rats requires
NMDA receptor activation and coordinated ERK1/2 signaling (Criswell et al., 1990,
Papadeas et al., 2004), reflective of long lasting plastic changes to D1DAR signaling.
Changes to D1DAR signaling likely are a compensatory mechanism responsible for
preserving locomotor behavior in these rats, though they are not without consequence.
Neonatal 6-OHDA-lesioned rats also exhibit self-injurious behavior and enhanced
aggression through a D1DAR-dependent mechanism (Breese et al., 1984hb). Additionally,
increased serotonergic innervation of striatum is seen in neonatal 6-OHDA-lesioned rats
(Berger et al.,, 1985), where serotonergic signaling plays a compensatory role in
movement induction (Bishop et al., 2004). Taken together, the neonatal 6-OHDA-lesion

model illustrates a general principle that may apply to DRD, where plastic changes in the
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brain compensate for DA depletion occurring early in development. Those plastic

changes, though, may cause a different, maladaptive, phenotype like dystonia.

MPTP-treated primates

Certain non-human primates treated with 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine
(MPTP) exhibit dystonia for a period of weeks following the lesion, then exhibit permanent
parkinsonian symptoms (Perlmutter et al., 1997, Tabbal et al., 2006). The transient period
of dystonia is associated with moderate reduction in striatal dopaminergic innervations
and a transient reduction in D2DAR binding. Though this phenomenon is only described
in two studies, these findings argue that dystonia may occur from moderate striatal DA
depletion and parkinsonism from a more severe lesion. Alternatively, other factors, like
changes to D2DARs, may be more essential in determining the outcome of dystonia

versus parkinsonism.

Mice modeling impaired BH4 synthesis

There are several lines that in some way recapitulate the genetic etiology of DRD, though
none carry a mutation homologous to those found in DRD patients, per se. Three mouse
lines have been characterized as having a deficiency in BH4 synthesis, thus in some way
modeling the more common, dominant form of DRD. First, hph-1 mice, a line generated
by sperm mutagenesis with ethylnitrosourea, exhibit a significant reduction in GTP-
cyclohydrolase activity (McDonald et al.,, 1988). Though these mice exhibit no overt
phenotype, some differences in gene expression are observed in basal ganglia (Zeng et

al., 2004).

Two different mouse lines where PTS is knocked out via homologous
recombination (pts -/- mice) have been developed (Sumi-Ichinose et al., 2001, Elzaouk et

al.,, 2003). PTS is necessary for BHa4synthesis and patients with PTS deficiency exhibit a
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DRD-like phenotype (Hanihara et al., 1997); thus, pts -/- mice exhibit construct validity for
DRD. Without intervention, pts -/- mice die soon after birth. The pts -/- neonates show
weak striatal TH immunostaining and DA content, like the postmortem studies of DRD
patients (Rajput et al., 1994, Furukawa et al., 1999). This phenotype is reversible upon
oral administration of BHy, illustrating BH4's important role as a stability and transport-
supporting chaperone of TH in DA neurons. Strikingly, the effect of BH4 depletion is more
pronounced on catecholamine systems than nitric oxide, phenylalanine, and 5-HT
synthesis, despite the role for BH4in those processes (Sumi-Ichinose et al., 2001, Elzaouk
et al., 2003). These findings may provide an explanation for the relative specificity of the

DRD phenotype to motor dysfunction.

Later, the pts-/- model was refined by the addition of a transgene that expresses
human PTS driven by the Dbh promoter. In these mice, termed pts-/-; DPS mice, BH4
synthesis is spared in noradrenergic neurons (Sumi-lchinose et al., 2005). These mice do
not require neonatal intervention for survival and develop mild motor impairments, but not
overt dystonia (Sumi-Ichinose et al., 2005, Sato et al., 2008). TH immunostaining in these
mice is selectively lost in the striosomal compartment of the striatum. The authors interpret
from this result that the phenotype of DRD may result from an imbalance between

striosomal and matrix components of the striatum (Crittenden and Graybiel, 2011).

Along with the pts-/- models, a model of SPR deficiency (spr -/-) has been
characterized (Homma et al., 2011). SPR deficiency also causes BH, deficiency and a
DRD-like phenotype in humans (Kurian et al., 2011). Spr -/- mice show a similar
biochemical and behavioral phenotype to pts-/-; DPS mice, with robust DA depletion and
mild motor impairments. Taken together, these lines of mice have revealed the specificity
of interactions between BH,4 and the enzymes for which it serves as a cofactor, thus

illustrating some of the biochemical basis of the dominant form of DRD.
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Mutant TH lines

Several TH knockout mice were generated and characterized in the 1990s, with Palmiter
and colleagues being the first to publish their findings (Zhou et al., 1995). These mice die
in utero due to cardiac failure caused by NE deficiency (Thomas et al., 1995). Two other
groups generated their own TH knockout allele and showed similar results (Kobayashi et
al., 1995, Rios et al., 1999, Portbury et al., 2003). Palmiter’s group refined their model by
targeting Th to one allele of the Dbh promoter, producing mice deficient in TH specifically
in dopaminergic cell-types (Zhou and Palmiter, 1995). These mice, termed DA deficient
mice, are born at Mendellian frequency, but are adipsic, aphagic, and akinetic and die
without intervention around 2 weeks of age. Notably, feeding and locomotion are rescued
in DA deficient are rescued by 50 mg/kg L-DOPA, and the mice survive into adulthood with
daily L-DOPA treatment (Szczypka et al., 1999). Dystonic movements are not described
in DA deficient mice. Like neonatal 6-OHDA-lesioned rats, DA deficient mice exhibit
D1DAR supersensitivity, illustrating that this developmental response generalizes to

multiple models (Kim et al., 2000).

Summary and guiding questions for thesis work

Neuroscience research has provided a detailed understanding of the gross and molecular
anatomy of the DA system. Further, DA’s physiological effects on basal ganglia circuitry
and its general role in movement induction have been well described. However, despite
evidence from many sources that dysfunctional DA neurotransmission is a critical player
in dystonic movement, its precise role in this type of abnormal movement remains elusive.
Mechanistic understanding of DA’s role in dystonic movement could guide the
development of treatments applicable to several types of dystonia. Work with animal
models plays a key role in gaining mechanistic insights like these. For the work presented

here, a novel knockin mouse model of DRD was used. These mice were designed to carry
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a point mutation homologous to the p.381Q>K (c.1146C>A) in TH that causes autosomal
recessive DRD in a Dutch family (Knappskog et al., 1995). Modeling this rare etiology was
not done to better understand these few specific cases, but rather to gain insights into
DA’s role in dystonia in general. With that focus in mind, three general questions guided

this thesis:

1. What are the in vivo effects of the p.381Q>K mutation in TH in mice?

2. What are the neurochemical, anatomical, and receptor substrates of the dystonic
movements observed in this mouse model?

3. What kinds of adaptive changes, downstream of presynaptic DA transmission,

occur in the mouse model?
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Chapter 2: In vivo molecular, neurochemical, and anatomical effects of the

p.382Q>K mutation in TH

Abstract

The work in this chapter provides the initial molecular, neurochemical, and anatomical
characterization of the DRD mice. We verified proper insertion and expression of the
knockin construct with PCRs. Pre and perinatal lethality of homozygous DRD mice were
overcome by outcrossing the allele and supplementing the mice with noradrenergic
agonists in utero and L-DOPA, postnataly. DRD mice had reduced TH activity throughout
the brain, though striatal TH activity was particularly affected, reduced to ~1% of normal.
DA concentrations were similarly reduced throughout the brain. Contrasting models of
Parkinson’s disease, the gross anatomy of nigrostriatal dopaminergic neurons was normal
in DRD mice, though immunostaining for TH was weak. Corticostriatal input in DRD mice
showed a shift away from synapses on dendritic spines towards dendrites themselves.
The studies in this chapter provide construct validity of the DRD mouse model and insights

into the in vivo anatomical effects of developmentally reduced DA synthesis.
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Introduction

The work presented here makes use of a new knockin mouse model of DRD (Jackson
Labs allele descriptor: Thi™Eness apbreviated here as DRD mice). The mutation selected
for modeling, the strategy for creating the mice, and many initial steps in their development
were completed prior to my joining the lab. Dr. Hess and colleagues selected the
p.381Q>K mutation in TH as the mutation to recapitulate in mice for several reasons. First,
a mutation in TH was selected, as opposed to a GCH1 mutation, because BH, is involved
in many biochemical processes besides catecholamine synthesis, including nitric oxide,
5-HT, and phenylalanine synthesis (Longo, 2009). Though much of the clinical literature
implicates DA deficiency as central to the pathogenesis of human GCH1 deficiency
(Furukawa et al., 1999, Thony and Blau, 2006), deficiencies in these other processes
could not be ruled out as contributors to phenotype in a GCH1 mouse mutant. Thus,
selection of a TH mutation confines the genetic insult to catecholamine systems, focusing
the characterization of the DRD mice. The p.381Q>K mutation in TH was selected over
other TH mutations, first, because the biochemical phenotype was characterized in a 1995
study (Knappskog et al., 1995). Second, while most patients with THD carry two different
mutant alleles, the p.381Q>K mutation is carried homozygously by six related Dutch
patients with DRD (Ludecke et al., 1995). Thus, homozygous DRD mice are a true
genotypic model and there is no need to generate a second mutant allele to create

compound heterozygous mice.

To characterize the DRD mice, first, molecular techniques were used to validate
the insertion of the targeting construct in the mouse genome, and validate mRNA
expression of the mutant allele. Next, TH activity, brain neurochemistry, and nigrostriatal
anatomy were examined, establishing construct validity of the DRD mouse model. This

characterization, however, is also useful for better understanding the pathomechanisms
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associated with THD. Mutations in TH cause a range of biochemical phenotypes, including
reductions in protein stability, solubility, substrate selectivity, and enzymatic activity (Royo
et al., 2005, Fossbakk et al., 2014), with the p.381Q>K mutation causing reduced protein
stability and an ~85% reduction in enzymatic activity (Knappskog et al., 1995, Fossbakk
et al.,, 2014). These previous studies, however, were all carried out in heterologous
expression systems. Mice carrying the homologous p.382Q>K (c.1160C>A) mutation
provide the unprecedented opportunity to investigate these biochemical phenotypes in DA
neurons, in vivo. This molecular, biochemical, and anatomical work, plus initial effort in
overcoming the pre and perinatal death that the homozygous DRD mice exhibit are

covered in this chapter.
Methods
Animals

All studies make use of mice carrying the Thi™!Eess (DRD) allele. DRD mice were originally
generated on a C57BL6/J background. For outcrossing the allele, DBA2/J mice were
obtained from The Jackson Laboratories (Bar Harbor, ME). Mice group housed in the
vivaria at Emory University. The light period was 7am to 7pm. For all studies, 2-4 month-
old male and female mice were used. Littermates heterozygous for the DRD allele (Het)
and littermates carrying two wild-type alleles (normal) were used as controls. Specialized
procedures for generating DRD mice are covered in the results. For those procedures, the
date of conception was noted by the presence of copulation plug. For drug treatments in
dams’ drinking water, isoproterenol, phenylephrine, L-DOPA, benserazide, and ascorbic
acid (all from Sigma-Aldrich, St. Louis, MO) were dissolved in dH,O. Peripheral drug
treatments included L-DOPA, benserazide and ascorbic acid, injected subcutaneously
(s.c.) in saline vehicle. All procedures were in accordance with Emory University’s IACUC

and Division of Animal Resources guidelines.
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Polymerase chain reaction (PCR) conformation of knockin

Four long PCRs from genomic DNA of mice carrying the DRD allele with a neomycin
resistance cassette (DRD +Neo) were used to confirm proper insertion of the targeting
construct. Long PCRs were performed in 25 pL reactions containing DNA, specific primers
(see below), and a long template PCR kit (Roche, Manheim, Germany) with 40 cycles of
10 sec at 95°C, 30 sec at 60°C, and 4 min at 68°C. The following primers sequences were
used, with  approximate locations noted in Figure 3A: Pl, 5-
GACGTCAGCCTGGCCTTTAAGA-3’; P2, 5-AGATGGAATGGGAAGGCTCT-3’; P3, 5'-
AGGCCAGAGGCCACTTGTGTAG-3; P4, 5-GACGAGTTCTTCTGAGGGGATCAA-3;
P5, 5-ACAGCCTTACCTGTTGTGGG -3’; P6, 5-AGTCATGGTAGGCTCTGAAAGTGG-

3.

Additionally, two short PCRs were used to confirm the removal of the Neo from the
DRD allele. PCRs were performed in 25 uL reactions containing DNA, specific primers
(see below), GoTaqg polymerase (Promega, Madison, WI), with 40 cycles of 15 sec at
95°C, 30 sec at 60°C, and 2 min 72°C. The following primer sequences were used, with
approximate locations noted in Figure 3C: P7, 5-ACACCGAAGCAGAGACTGT-3’; P8, 5'-

CTGATGCTACTTCTCCAGG-3'. P3, as above.

The PCR product of a short sequence (300 bp) encompassing the ¢.1160C>A
mutation was also sequenced to verify that DRD mice carried the point mutation. PCR
was performed as above with the P7 and P8 primers. Samples were sequenced by

Genewiz, Inc (South Plainfield, NJ). The same PCR conditions were used for typical

genotyping.
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Quantitative reverse transcriptase PCR (QRT-PCR)

Mice were sacrificed by cervical dislocation and midbrain was rapidly dissected, frozen on
dry ice, and stored at -80°C. Total RNA was isolated using a PureLink RNA kit (Invitrogen,
Carlsbad, CA) and cDNA was reverse transcribed using a QuantiTect reverse transcription
kit (Qiagen, Venlo, The Netherlands). gPCR was performed using an Applied Biosystems
Fast 7500 Real-Time PCR system (Life Technologies, Carlsbad, CA). Gene-specific
primers (5-GGAACGGTACTGTGGCTACC-3’ and 5-AACCAGTACACCGTGGAGAG-3’)
were designed to amplify a 342 bp region of Th mRNA containing the p.382Q>K mutation.
All samples were assayed in triplicate in 25 pL reactions containing cDNA, gene-specific
primers, and SYBR Green Select Mastermix (Life Technologies) with 40 cycles of 15 sec
at 95°C and 1 min at 60°C. Data were obtained with Applied Biosystems software and
analyzed by the ACt method (Schmittgen and Livak, 2008), using amplification of a
housekeeping gene (18s rRNA; 5-TTGACGGAAGGGCACCACCAG-3' and 5'-
GCACCACCACCCACGGAAATCG-3) asreference. Reverse transcriptase PCR products
were also sequenced, as above, to verify the presence of the p.382Q>K mutation in the

MRNA of DRD mice.

Monoamine measurements

Mice were sacrificed at 8pm by cervical dislocation and the brain was rapidly removed and
chilled in ice-cold saline for 1 min. Dorsal striatum, midbrain, hippocampus, cortex,
brainstem, and cerebellum were dissected on a chilled platform, rapidly frozen on dry ice,
and stored at -80°C. Samples were homogenized by sonication in 10 volumes of chilled
0.1 M perchloric acid. Homogenates were centrifuged at 10,000g for 10 min at 4°C. The
supernatant was filtered through a 0.45 um PVDF spin filter (Micro-Spin Centrifuge Filter

Tubes, Grace Discovery Sciences, Deerfield, IL). The pellet was dissolved in 2% SDS and
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protein concentrations were determined by Pierce protein assay (Thermo Fischer

Scientific, Waltham, MA), per manufacturer’s instructions.

DA, DOPAC, NE, L-DOPA, 5-HT, and 5-hydroxyindoleacetic acid (5-HIAA) were
examined by high performance liquid chromatography (HPLC) with electrochemical
detection. Monoamines were separated with an ESA MD-150 x 3.2 mm column and
detected with an ESA5600A Coularray detector with an ESA 6210 detector cell (ESA,
Bedford, MA). Analytical cell potentials were set at -175, 100, 350, and 425 mV. Mobile
phase was 1.7 mM 1-octanesulfonic acid, 75 mM NaH2PO4, 0.25% triethylamine, and 8%
acetonitrile, pH 2.9 at a flow rate of 0.4 mL/min. Monoamines were identified and quantified
by comparing the peak retention time and height to that of standards using ESA Coularray

software.

In vivo TH activity assay

TH activity was determined in vivo by the method of Carlsson et al. (Carlsson et al., 1972).
Mice were injected (s.c.) with 150 mg/kg NSD-1015, an AADC inhibitor and sacrificed 45

min later, at 8pm. Brain regions were dissected and L-DOPA was assessed by HPLC.

Western Blotting

Mice were sacrificed at 8pm by cervical dislocation and midbrain was sonicated in 20 mM
Tris, and protease inhibitor cocktail (Roche). Homogenates were centrifuged at 18,000 rcf
for 20 min at 4°C. Protein concentration was adjusted and samples were incubated in
Laemmli buffer (Bio-Rad, Hercules, CA) and boiled at 95°C for 10 min. Proteins were
separated on a 12% acrylamide gel, transferred to a nitrocellulose membrane, blocked
with 2% milk for 1 hr, and probed for 72 hrs with Rabbit anti-TH antibody (1:1000, Pel-
Freez, Rogers, AR), at 4°C. Rabbit anti-actin (1:1000, Abcam, Cambridge, MA) was used

a loading control. Blots were then incubated with HRP conjugated anti-rabbit secondary
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antibody (1:1000, Jackson ImmunoResearch, West Grove, PA) for 2 hrs at room
temperature, developed with a chemiluminescence kit (Bio-Rad) and imaged with a Fuji

LAS-3000 digital imager (Fujifilm, Tokyo, Japan).
Immunohistochemistry

Mice were anesthetized with 2,2,2-tribromoethanol, and perfused with a solution of 137
mM NacCl, 22.2 mM dextrose, 23.4 mM sucrose, 2 mM CacClz, and 1.6 mM sodium
cacodylate at pH 7.2, followed by perfusion with 4% paraformaldehyde, 117 mM sucrose,
and 67 mM sodium cacodylate at pH 7.2. Brains were removed, post-fixed in the perfusion
solution for 16 hrs, and then stored in 67 mM sodium cacodylate at pH 7.2. Before
processing, brains were equilibrated in 30% sucrose for 72 hrs and then the entire brain

was sectioned (30 um) using a freezing microtome.

Using every 6™ section, parallel series of sections were immunostained for TH or
the DA transporter (DAT). For TH, tissue was treated with 0.3% Triton-X in Tris-buffered
saline (TBS) for 1 hr, blocked with 5% normal goat serum (NGS) in TBS and 0.1% Triton-
X, then reacted for 72 hrs at 4°C with Rabbit anti-TH antibody (1:1000, Pel-Freez) in TBS,
1% NGS, 0.1% Triton-X, 0.01% NaN. Sections were then incubated for 24 hrs at 4°C with
biotinylated Goat anti-Rabbit antibody (1:500, Jackson ImmunoResearch) in the same
solution. Sections were incubated with avidin-biotin complex (Vector Labs, Burlingame,

CA) for 2 hrs, and developed in 3,3-diaminobenzadine (Sigma).

For DAT, tissue was treated with Citra antigen retrieval reagent (BioGenex,
Freemont, CA) for 1 hr at 70 °C blocked with TBS, 10% NGS and 0.15% Triton-X, then
reacted with Rat anti-DAT antibody (1:1000, Millipore, Temecula, CA) for 24 hrs at 4°C.

Sections were then incubated with biotinylated Goat anti-Rat antibody (1:200, Jackson
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ImmunoResearch) for 24 hrs at room temperature and developed as described for TH

immunostaining.

For vesicular glutamate transporters 1 (vGIuTl) and vesicular glutamate
transporters 2 (vGIuT2), tissue was blocked with TBS, 10% NGS, 0.3% Triton-X, and 1%
bovine serum albumin, then reacted for 24 hrs with Guinea pig anti-vGIluT1 (1:5000,
Millipore, Temecula, CA) or Guinea pig anti-vGIuT2 (1:5000, Millipore). Sections were
then incubated with biotinylated Goat anti-Guinea pig antibody (1:200, Jackson
ImmunoResearch) for 90 min at room temperature and developed as described for TH

immunostaining.
Densitometry

Digital images of tissue stained for vGIuT1 and vGIluT2 were acquired with a Leica DC
500 camera (Leica, Wetzlar, Germany). Striatum was divided into four quadrants,
dorsolateral, dorsomedial, ventrolateral, and ventromedial. NIH ImageJ software was
used to quantify staining intensity of each subregion. Intensity values from anterior
commissure were subtracted as a reference for background. Densitometry was performed

blind to genotype.
Stereology

For stereological cell counts of TH-positive midbrain neurons, every 6" section,
immunostained for TH, was viewed using an Olympus BX51 light microscope (Melville,
NY), equipped with a motorized stage (MACC500, Ludl Electronic Products, Hawthorne,
NY) and coupled to a computer with Stereolnvestigator software (MicroBrightField,
Williston, VT). The TH-positive region of the midbrain was outlined using a 4X objective,

using a mouse brain atlas (Paxinos and Franklin, 2001) to estimate borders of SNc and
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VTA. TH-positive cells were counted at 40X using the optical fractionator probe with a
55,185 um? counting grid and a 10,000 pm?frame with 30 um depth.

The volume of the dorsal striatum was estimated using estimated using the
Cavalieri estimator tool, with every 6" section stained for Nissl substance. Stereological
counts were performed blind to genotype. The Gundersen coefficient of error was below
0.1 for all measures.

Electron Microscopy

Mice were anesthetized with 2,2,2-tribromoethanol, and perfused with paraformaldehyde
(4%) and glutaraldehyde (0.1%) in 0.1 M phosphate-buffered saline. Sections of striatum
were cut at 60 pm with a vibrating microtome and immunostained vGIuT1 or vGIuT2 as
above and processed for electron microscopy as previously described (Raju et al., 2008).
Briefly, tissue was dehydrated, post-fixed in 1% osmium and embedded in resin on
microscope slides. After resin polymerization, blocks of dorsolateral striatal tissue from
each animal were cut in ultrathin sections and collected on single slot copper grid and

stained with lead citrate.

Sections from the surface of the blocks were scanned at 25,000X with a JEOL
electron microscope (Jeol USA, Peabody, MA). To estimate the synaptic density,
immunoreactive boutons were counted from 50 randomly collected images in each animal
and expressed as the boutons/ area scanned. Images of immunoreactive terminals
forming synaptic contacts were randomly collected from each animal. The postsynaptic
targets in contact with each labeled terminal were identified based on ultrastructural
features (Peters et al., 1991). The ratio of labeled boutons in contact with spines versus

dendrites were calculated for each terminal population. Images were analyzed blind to

genotype.

Statistics
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Monoamine data and weights were analyzed using analysis of variance (ANOVA).
Significant effects within groups were tested post hoc with the Holm-Sidak test, with
normal mice as the control group. Student’s t test was used for anatomical comparisons
between genotypes. SigmaStat (Systat Software, San Jose, CA) was used for all

analyses. Detailed statistical results are presented in the Figure Legends.

Results

PCR conformation of DRD knockin allele

My role in the project began after much of the preliminary work on this mouse line had
been completed. Dr. Ann Heinzer, in collaboration with my mentor Dr. Ellen Hess, selected
p.381Q>K from the literature, generated a targeting vector containing the mouse
homologous p.382Q>K mutation, and verified proper insertion of the vector to C57BL6-
derived embryonic stem cells with long PCR and Southern blot analyses. Dr. Valerie
Thompson and Dr. Robert Raike, two other postdoctoral fellows in Dr. Hess’ lab, verified
germline transmission of the mutant allele. They also removed the neomycin resistance
cassette (Neo) in the mutant allele by breeding the line with a Cre-deleter strain. | joined
Dr. Ellen Hess’ lab and began working with the line as Het carriers of the allele on a

C57BL6/J background became available.

First, a series of long PCR reactions were performed to confirm that the DRD
knockin construct was correctly inserted into the mouse genome (Fig. 3A and 3B). The 5’
insertion site was verified by two reactions (P1-P2 and P1-P3) that used a common
forward primer specific to the genomic DNA upstream of and outside of the 5’ end of the
construct, P1, and a reverse primer upstream of the Neo, P2, and one specific to the Neo,
P3. DNA from knockin mice was amplified by both reactions, whereas wild-type DNA was

only amplified by the P1-P2, as wild-type mice do not carry the Neo. The 3’ insertion site
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was confirmed by two reactions (P4-P6 and P5-P6) that used a common reverse primer
specific to the genomic DNA downstream and outside of the 3’ end of the construct, P6,
and one forward primer specific to the Neo, P4, and one downstream of the Neo, P5.
Similar to the 5’ end verification, both reactions amplified knockin DNA, whereas only the
P5-P6 reaction amplified wild-type DNA. These reactions demonstrate that the DRD

knockin construct was indeed inserted into the proper position in the genome.

Next, two PCRs were performed to verify proper removal of the Neo from the DRD
allele (Fig. 3C and 3D). A reaction with primers flanking the site of the Neo (P7-P8)
amplified a 300bp product in DNA from resolved DRD mice but failed to produce a small
product in DNA from the DRD allele +Neo. In agreement with these results, a reaction with
a reverse primer inside the Neo (P7-P3) amplified DNA from the DRD allele +Neo, but not
from resolved DRD allele. Finally, sequences of the DRD allele show the presence of the
p.382Q>K mutation in genomic DNA extracted from DRD mice (Fig. 3E). These reactions

illustrate that the DRD allele carry the p.382Q>K mutation but do not carry the Neo.

Next, RT-PCR techniques were used to characterize mRNA expression of the
p.382Q>K mutation. RNA was extracted from brain and Th mRNA was amplified with RT-
PCR. Sequences of the RT-PCR product showed the presence of the p.382Q>K in these
samples (Fig. 4A). Next, expression of the p.382Q>K mutation was quantified using gRT-
PCR. No difference in the abundance of Th mRNA between normal and DRD mice was
detected (Figure 4B; p>0.1). These analyses show that the p.382Q>K mutation is

expressed, and in normal abundance in DRD mice.
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Figure 3: Conformation of knockin and resolution of Neo. (A) Schematic of wild-type Th and the
DRD allele containing the p.382Q>K mutation in exon 9 of Th, and a neomycin resistance cassette
(Neo) flanked by two loxP sites. (B) Results of long PCRs confirming the correct genomic insertion
of the targeting construct in genomic DNA. Arrows in panel A indicate direction and approximate
position of primers used; primers P1 and P6 were to genomic DNA outside of the targeting
construct. PCR products (4-6 kb) amplified from knockin (DRD allele +Neo) and normal mouse
genomic DNA correspond to the indicated primers. (C and D) Schematic and results of PCRs
demonstrating resolution of the Neo. Primers P7 and P8 were to genomic DNA on Th, and P3 were

to the Neo. (E) Sequences obtained from PCR amplicons from genomic DNA verifying the

p.382Q>K mutation
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Figure 4: RNA expression of DRD allele. (A) Sequence of the RT-PCR amplicon from brain mRNA
illustrating expression of the p.382Q>K mutation in DRD mice. (B) gRT-PCR revealed no difference
in the quantity of Th mRNA between normal (n=8) and DRD mice (n=8; p>0.1, Student’s t test).

Values represent mean + SEM.
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Generating homozygous DRD mice
Initially, Het mice on a C57BL6/J background were mated to generate homozygous DRD
mice. These initial crosses generated zero homozygous DRD pups out of 26 total pups in
4 litters (Fig. 5A). Th -/- and Dbh -/- mice die between embryonic day 12.5 (E12.5) and
E15.5 due to a defect in fetal heart development caused by NE deficiency (Kobayashi et
al., 1995, Thomas et al., 1995, Zhou et al., 1995, Rios et al., 1999). We hypothesized that
DRD mice were dying in utero and could be rescued by similar strategies used to rescue
Th -/- mice. Supplementation of the dam’s drinking water with 2 mg/mL L-DOPA and 2.5
mg/mL ascorbic acid from E8.5 through birth, employed in Zhou et al. 1995 with Th -/-
mice, was modestly successful at rescuing the DRD mice in utero, producing litters with
11% DRD mice (Fig. 5A; 7 DRD mice/61 total, 11 litters). Drinking water supplementation
with 100 pg/mL isoproterenol, a B2 adrenergic receptor agonist, and 2.5 mg/mL ascorbic
acid from E8.5 to birth, employed in Portbury et al. 2003 with a different Th -/- strain,
produced litters with 25% DRD mice (Fig. 5A; 7 DRD mice/31 total, 4 litters).

Though these interventions rescued the DRD mice from prenatal death, the DRD
pups failed to thrive. Of the 14 DRD pups generated, none survived to postnatal day 21.5
(P21.5) (Fig. 5B). The DRD pups were smaller than their littermates, appeared
dehydrated, and did not display typical nursing behavior. Rescue attempts with daily 50
mg/kg L-DOPA, s.c., similar to the rescue strategy for DA deficient mice (Zhou and
Palmiter, 1995), or with 2 mg/mL L-DOPA in the drinking water were unsuccessful. Hand
feeding and sucrose injections, when attempted in parallel with L-DOPA supplementation,
were also unsuccessful. DA deficient mice also display high postnatal lethality, despite L-
DOPA supplementation, on a pure C57BL6/J background (Hnasko et al., 2007). Similarly,
certain Type B THD patients are unresponsive to L-DOPA (Zafeiriou et al., 2009). Thus,
we concluded that DRD mice were not healthy enough on a pure C57BL6/J background

for the types of behavioral analyses necessary for the project.
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Figure 5: Pre and postnatal death of DRD mice on a C57BL6/J background. (A) Initial attempts to
generate homozygous DRD mice on a C57BL6/J background without treatment were unsuccessful
(O DRD pups/ 26 total pups born from Het x Het breeding). Treatment of the dam’s drinking water
with 2 mg/mL L-DOPA from E8.5-birth produced 7 DRD pups/ 61 total pups. Treatment of the dam’s
drinking water with 100 pg/mL isoproterenol from E8.5-birth produced 7 DRD pups/ 31 total pups.
(B) No DRD pups from these litters survived to P21 (n=14), despite L-DOPA supplementation,

hand-feeding and other efforts.
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To circumvent the high lethality of the inbred DRD mice, the DRD allele was
outcrossed to promote hybrid vigor. Hets on the C57BL6/J background (B6.DRD/+) were
crossed with DBA2/J mice, another well characterized inbred mouse (Fig. 6A). Hets from
the subsequent F1 generation (D2B6.DRD/+) were intercrossed, generating normal, Het,
and DRD mice on a mixed F2D2B6 background. These litters were treated with 100 pug/mL
isoproterenol and 2.5 mg/mL ascorbic acid in the dam’s drinking water, from E8.5-birth.
20 pug/mL phenylephrine, an a1 adrenergic receptor agonist, was also administered in the
dam’s drinking water (Schank et al., 2006). DRD mice were born near Mendelian
frequency on this background, with these treatments (Figure 6B; 88 DRD/ 419 total mice).
Notably, neonatal DRD pups on this background nursed and were indistinguishable from
their littermates. By P9.5, deficits in size and became apparent. To facilitate feeding in the
DRD mice as they began to seek solid food, a two part L-DOPA supplementation strategy
was employed. First, from P9.5 to P16.5, the drinking water was supplemented with 1.5
mg/mL L-DOPA, 0.5 mg/mL benserazide, a brain impenetrable AADC inhibitor used to
prevent peripheral metabolism of L-DOPA, and 2.5 mg/mL ascorbic acid. From P16.5 on,
mice were injected daily, s.c., with 10 mg/kg L-DOPA, 2.5 mg/kg benserazide and 2.5
mg/mL ascorbic acid in saline. Additionally, litters were culled to 5-6 pups so the smaller
DRD mice could compete more successfully during nursing. This strategy produced DRD
mice that were ~20% lighter than their normal and Het littermates (Fig. 5C and 5D; p<0.01
for males, p<0.05 for females), though the DRD mice appeared much more robust than
their counterparts on the C57BL6/J background. As described for DA deficient mice, DRD
mice lose weight rapidly if L-DOPA supplementation is terminated for more than 48 hrs
(Szczypka et al, 1999). Thus, DRD mice were maintained with daily L-DOPA
supplementation when not involved in experiments. All experiments, unless otherwise
stated, were performed after >24 hr L-DOPA washout. To normalize any effects of the

treatments, normal and Het controls received all of these treatments in parallel.
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Figure 6: Viability of DRD mice on F2D2B6 background. (A) Breeding strategy to generate outbred
DRD mice. Het carriers of the DRD allele on a C57BL6/J background (B6.DRD/+) were crossed
with DBA2/J mice, generating D2B6.DRD/+ mice. These mice were intercrossed to create F2D2B6
litters with normal, Het, and homozygous DRD mice. (B) Supplementing the D2B6.DRD/+ dam’s
drinking water with 100 pug/mL isoproterenol, 20 pg/mL phenylephrine, and 2.5 mg/mL ascorbic
acid produced litters near Mendelian frequency (n=116 normal, 215 Het, 88 DRD). Male (C) and
female (D) DRD mice were significantly lighter than normal mice throughout postnatal development.
Two-way ANOVA revealed a main effect of genotype on weight for males (F2,27=5.6, p<0.01) and

females (F2,19=5.7, p<0.05). Values represent mean + SEM.
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DRD mice exhibit reduced TH activity and brain catecholamines

The presence of TH protein in DRD mice was verified with immunoblotting.
Immunoreactivity for TH was weaker in the midbrain of DRD mice than in littermate
controls (Fig. 7, insert). TH activity was assessed in vivo by measuring L-DOPA
accumulation after inhibition of AADC by NSD-1015 (Carlsson et al., 1972). Preliminary
studies indicated that catecholamines were exceptionally low in DRD mice and might be
below the level of detection for HPLC. DRD mice, however, exhibited a period of high
locomotor activity early in the active period. Therefore, we sacrificed mice for the TH
activity assay and neurochemical characterizations at 8pm, during this burst of activity,
hypothesizing that catecholamines would be elevated to detectable levels at this time of
day in DRD mice. In midbrain, TH activity in DRD mice was significantly reduced by ~85%
(Fig. 7; p<0.001). This is consistent with the human p.381Q>K mutation, which also shows
an ~85% reduction in enzymatic activity (Knappskog et al., 1995). Activity was similarly
reduced in cortex (p<0.001) and cerebellum (p<0.001). A significant reduction in TH
activity was also observed in Het mice in midbrain (p<0.05) and striatum (p<0.001). In the
striatum of DRD mice, which receives dense innervation of TH-containing axons from the
midbrain, TH activity was reduced by ~99% (p<0.001). These results imply that the
reductions in TH were more severe in the brain regions containing axon terminal fields
than those containing dopaminergic cell somas. Further, they confirm the negative effect

of the p.382Q>K mutation on TH activity in mouse brain.

Next, we characterized the neurochemical consequences of the mutation,
measuring monoamines and their metabolites in several brain regions. Consistent with the
reduction in TH enzyme activity, DA was significantly reduced in striatum (p<0.001),
midbrain (p<0.001) and cortex (p<0.001) of DRD mice (Table 1). Surprisingly, the

reduction in DA content was as severe in midbrain (~99%) as in striatum (~99%). DOPAC,
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the primary metabolite of DA, was also reduced in DRD mice (p<0.001). However, the
DOPAC/DA ratio in DRD mice was nearly 4-fold higher than normal in midbrain (p<0.001)
and striatum (p<0.001), suggesting that DA turnover occurs at a higher rate in the mutants.
This elevated DOPAC/DA ratio may explain the low midbrain DA concentration despite
the partial sparing of TH activity in that region. NE concentrations were also significantly
reduced throughout brain (p<0.001). Sex differences in catecholamine and metabolite
concentrations were separately analyzed. Males exhibited a higher DOPAC/DA ratio than
females (p<0.001; not shown) only in the midbrain; the significance of this finding is not
clear. Taken together, these result show that the deficit in TH activity causes severe

catecholamine depletion throughout the brain in DRD mice.

With the exception of brainstem, where 5-HT was significantly increased (p<0.01),
5-HT concentrations were unaffected (Table 1). However, 5-HIAA, the major metabolite
of 5-HT, and the 5-HIAA/5-HT ratio were significantly increased in most brain regions
(p<0.001). The significance of elevated 5-HT turnover is not clear, though it is similar to
the increase in serotonergic innervation of the striatum observed in 6-OHDA-lesioned rats

(Berger et al., 1985).
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Figure 7: In vivo TH activity in DRD mice. TH activity was assessed in vivo in normal (n=5), Het
(n=7), and DRD mice (n=8). TH activity was significantly reduced in all brain regions tested in DRD
mice, including striatum (F2,17=96.5, p<0.001), midbrain (F2,17=44.1, p<0.001), cortex (F2,17=42.3,
p<0.001) and cerebellum (F2,17=8.3, p<0.01). (Insert) Representative western blot for TH and actin
from the midbrain of normal (left), Het (middle), and DRD mice (right). The TH blot was weaker in
intensity in DRD mice than controls. Values represent mean + SEM,; statistical analyses for TH
activity was performed for each region using a one-way ANOVA with a Holm-Sidak post hoc

analyses where appropriate. *p<0.05, **p<0.01, ***p<0.001 compared to normal.



Table 1. Regional monoamine concentration (ng/mg protein)
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DA DOPAC DOPAC/DA NE 5-HT 5-HIAA 5-HIAA/5-
HT
Striatum
Normal 72.1+2.7 75+0.3 0.1+£0.0 0.2+0.0 3.1+0.2 1.7+£0.1 0.6+0.0
Het 60.1 £5.8%** 57 +0.7** 0.1+0.0 0.1+0.0 3.5+05 22+0.3 0.6 £0.0
DRD 0.3+£0.1%** 0.1+0.0~* 05+£0.1*** 0.0+£0.0%** 3.2+0.2 3.4 +£0.3%* 1.0 £ 0.1%*=
Midbrain
Normal 3.4+04 1.0+0.1 0.3+0.0 6.0+0.3 8.8+04 27+0.3 0.3+0.0
Het 35+0.8 0.7+0.1* 0.2+0.0 59+04 10.0+0.7 3.4+0.3 0.3+0.0
DRD 0.1 £ 0.0%** 0.1 £ 0.0%** 1.2+£0.2"* 0.2+ 0.1%* 10.8+0.3 5.4+0.5%* 0.5 £ 0.0%**
Cortex
Normal 05+0.1 0.1+0.0 0.4+0.1 22+0.1 2.6+0.2 1.0+£0.1 0.4+0.0
Het 04+0.1 0.1+0.0 0.4+0.1 2.1+0.2 29105 1.3+£0.2* 0.5+0.1*
DRD 0.1 £ 0.0%** 0.0 £0.0** 0.6 £0.1** 0.1£0.0** 25%0.3 1.7 £ 0.1%*= 0.7 £ 0.0%**
Brainstem
Normal 0.4+0.0 0.3+0.0 0.7+£0.0 7.0+04 8.1+0.7 5.7+05 0.7+0.1
Het 0.4+0.0 0.2 +£0.0* 0.5+0.0* 7.4+10 9.1+1.7 7.0+0.9 0.8+0.1
DRD 0.3+0.0 0.0£0.0**  0.1+0.0%** 0.9+0.1%* 141+ 17.2 + 1.4%** 1.2 £ 0.1%*
1.6**
Hipp
Normal N.D. N.D. — 3.0£0.3 28+0.1 21+01 0.8+0.0
Het N.D. N.D. — 27+0.3 2.8+0.3 22+04 0.8+0.1
DRD N.D. N.D. — 0.3+0.0* 35+0.7 2.8 £ 0.2** 0.8+0.1
Cbm
Normal N.D. N.D. — 3.2+0.3 1.6+0.2 1.0+0.1 06+0.1
Het N.D. N.D. — 2.6+0.3* 1.9+0.3 1.1+£0.1 0.6+0.1
DRD N.D. N.D. — 0.0 £ 0.0*** 1.3+0.1 1.2+£0.0 1.0 £ 0.1%**

Tissue concentrations of monoamines were measured by HPLC in normal (n=9), Het (n=6), and

DRD mice (n=6). Effects of genotype were observed for DA (F218=151, p<0.001), DOPAC

(F218=144, p<0.001), NE (F21s=170, p<0.001), 5-HT (F21s=7.5, p<0.01), 5-HIAA (F21s=66.9,

p<0.001), 5-HT/5-HIAA (F2,18=31.2, p<0.001). There was a significant genotype x brain region

interaction effect for DOPAC/DA (F218=24.9, p<0.001). Each analyte was tested with two-way

repeated measures ANOVA. Significant main effects were tested within each brain region with one-

way ANOVA and Holm-Sidak post hoc analyses. Values represent mean + SEM; *p<0.05,

**p<0.01, **p<0.001. N.D. = not detected.
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Normal gross anatomy of midbrain and striatum in DRD mice

To determine if the TH mutation affected the anatomy of midbrain DA neurons, we
examined the morphology of TH-positive neurons (Fig. 8A). TH immunostaining of normal
mice labeled neuronal soma and dendrites in the midbrain and a dense network of axons
in the striatum. . The intensity of TH immunostaining in the DRD mouse brain was weaker.
The soma of midbrain DA neurons showed normal staining, but dendrites displayed a
much weaker staining than in normal mice. The striatum had particularly weak TH staining,
consistent with the TH activity assay (Fig. 7), which showed more severe loss of TH activity

in the striatum compared with the midbrain.

The weaker TH staining in DRD mice could be from degeneration of TH-positive
neurons. We explored this possibility with stereological counting of TH-positive neurons in
the SN and VTA. Despite the relatively weaker TH immunostaining, stereological counts
of TH-positive neurons in the midbrain of DRD mice were not significantly different from
normal mice (Fig. 8C; p>0.1 for SN and VTA). Alternatively, axonal projections to striatum
could be selectively lost in DRD mice. To address this possibility, we next conducted
immunostains for DAT, another marker of dopaminergic neurons. Despite the loss of TH
immunostaining in the DRD mouse striatum, DAT staining was normal in this region (Fig.
8B). Further, stereological measures revealed no difference in striatal volume of DRD mice
compared to normal mice (Fig. 8D; p>0.1). These results imply that midbrain DA neurons
and their axonal projections to the striatum are intact, consistent with anatomical studies

of DRD patients (Snow et al., 1993, Rajput et al., 1994).
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Figure 8: Anatomy of nigrostriatal pathway in DRD mice. Representative sections immunostained
for TH (A) or DAT (B) from striatum or midbrain of normal and DRD mice (scale bars = 1.5 mm,
striatum; 200 um, midbrain). (C) Stereological cell counts of TH-positive neurons in the SN (p>0.1,
Student’s t test) and VTA (p>0.1, Student’s t test). (D) Stereological assessment of striatal volume

(p>0.1, Student’s t test). Values represent mean + SEM.
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Microstructural changes to corticostriatal and thalamostriatal connectivity

We further examined the anatomical consequences of the p.382Q>K mutation to basal
ganglia circuitry by examining glutamatergic cortical and thalamic inputs to striatum. These
inputs act in concert with DA in the striatum to coordinate normal movement (Bamford et
al., 2004, Costa et al., 2006). Further, glutamatergic synapses in the striatum undergo
complex changes in other animal models with striatal DA depletion (Ingham et al., 1998,
Villalba et al., 2009, Villalba and Smith, 2013). Thus, despite normal DAT-positive
innervation and striatal volume (Fig. 8), other changes to striatal circuitry could result from

the p.382Q>K mutation.

We first assessed the gross distribution of glutamatergic input to striatum by
staining brain sections for vGIuT1, a selective marker of corticostriatal terminals, and
vGIuT2 a selective marker of thalamostriatal terminals. Using densitometry to quantify
vGIuT1 and vGluT2 staining intensity, no significant differences between genotypes were
observed in any of the subregions of striatum examined (Fig. 9; p>0.1 for all subregions).
Next, we examined the density of corticostriatal and thalamostriatal terminals at the
synaptic level in the dorsolateral striatum, counting the number of labeled synaptic
boutons in images collected by electron microscopy (Fig. 10A and 10B). In agreement
with the light microscopy densitometry data, no significant differences were observed in
the density of either population of terminals between normal and DRD mice (Fig. 10C;
p>0.1). Further, the number of perforated vGIluT1-positive (p>0.1) or vGIluT2-positive

(p>0.1) synapses did not significantly differ between genotypes (not shown).

However, the ratio of axo-spinous to axo-dendritic synaptic contacts was
significantly smaller for vGluT1-positive terminals in DRD mice compared to normal mice
(Fig. 10D; p<0.05), and there was a similar trend for vGIuT2-positive terminals (p=0.052).

The functional significance of this shift toward more dendritic contacts by corticostriatal
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and thalamostriatal terminals has yet to be established. Though, this altered
microstructural connectivity might affect the integration of dopaminergic and glutamatergic
signals in the DRD mouse striatum. Further, it illustrates that despite normal gross
morphology of nigrostriatal structures, DRD mice do show altered neural anatomy at the

microstructural level.
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Figure 9: Glutamatergic cortico- and thalamo-striatal immunostraining. (A,B) Examples of vGluT1-
(A, corticostriatal) or vGIuT2- (B, thalamostriatal) immunoreactivity in the striatum of normal (n=6)
and DRD mice (n=6). Scale bar = 2 mm. (C, D) Densitometric analysis of immunoreactivity in all
four quadrants of striatum revealed no difference between genotype (p>0.1, Student’s t test for

each measure). Values represent mean + SEM.
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Figure 10: Glutamatergic cortico- and thalamo-striatal terminals in DRD mice. (A,B) Examples of
vGIuT1- (A, corticostriatal) or vGIuT2- (B, thalamostriatal) immunoreactive terminal forming an axo-
spinous (A) or an axo-dendritic (B) asymmetric synapse in the mouse dorsolateral striatum. (scale
bar =500 nmin A and B). (C) No significant difference was observed in the density of either vGIuT1-
positive or vGluT2-positive terminals between the genotypes (n=3/genotype; Student’s t test). (D)
The ratio of vGluT1-positive (n=3 animals/genotype, 177-180 terminals/genotype) or vGluT2-
positive (n=3/genotype, 133-155 terminals/genotype) axo-spinous to axo-dendritic synaptic
contacts was measured. This ratio was significantly smaller (p<0.05, Student’s t test) for vGluT1-
positive terminals, and approached significance for vGluT2-positive terminals (p=0.052, Student’s

t test), in the dorsolateral striatum of DRD mice. Values represent mean + SEM; *p<0.05.
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Discussion

This chapter describes the initial molecular, neurochemical, and anatomical
characterization of a novel knockin mouse model of DRD. Further, we outline the steps
necessary for producing healthy DRD mice. Through several PCRs, we demonstrate the
proper insertion of the mutant allele in the mouse genome, removal of the Neo, and the
presence of the missense mutation in genomic DNA. Further, we demonstrate normal
MRNA expression of the missense mutation in brain. The DRD allele causes regionally
specific effects to TH function; TH staining and activity are modestly reduced in midbrain,
but are drastically reduced in striatum. Despite these neurochemical effects, the gross
morphology of the nigrostriatal pathway was normal in DRD mice, though microstructural

changes at corticostriatal synapses were observed.

These studies are the first to examine the biochemical effects of a DRD-causing
mutation in vivo. When assessed in vitro, TH mutations affect stability, solubility, substrate
selectivity, and enzymatic activity (Royo et al.,, 2005, Fossbakk et al., 2014). The
p.381Q>K mutation, specifically, causes reduced stability and an ~85% reduction in
enzymatic activity (Knappskog et al., 1995, Fossbakk et al., 2014). In some ways, the
mouse homolog shows a similar phenotype in brain, as DRD mice exhibit a ~85%
reduction in midbrain TH activity. In striatum, however, TH activity is reduced to ~99% of
normal and immunostaining for TH is very weak. The lack of TH in this region could result
from poor stability of the mutant protein. Thus, in DRD mice, expression of new TH may
not be sufficient to overcome the rate of TH degradation in striatum. Altered interactions
with other factors may also play a role. Studies from the spr-/- and pts-/-; DPS mice
illustrate that BH4 acts as a molecular chaperone for TH, promoting TH protein expression
in the striatum (Sato et al., 2008, Homma et al., 2011). Q382 is located in the catalytic

region of TH, though it is not predicted to directly interact with BH. (Andersen et al., 2002).
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Nevertheless, conformational changes created by the p.382Q>K mutation may affect how
TH binds BH4, as well as the tyrosine substrate, iron, or other interacting factors. Another
possibility is that axonal transport of TH may be disrupted by the p.382Q>K mutation.
Taken together, the p.382Q>K mutation may cause poor stability of TH, or disrupt
interactions between TH, BHa, or axonal transport machinery to disrupt TH function, in

Vivo.

The extent to which catecholamines were reduced in DRD mice was not predicted
by the in vitro studies of p.381Q>K TH. In both midbrain and striatum of DRD mice, DA
concentrations were reduced by ~99%. NE concentrations were also near the lower limit
of detection throughout the brain. This implies that the low amounts of catecholamines
synthesized by p.382Q>K TH are rapidly metabolized. Indeed, we show a ~4-fold increase
in the DOPAC/DA ratio, a measure of DA turnover, in both midbrain and striatum. One
reason for elevated DA turnover could be a lack of D2DAR autoreceptor-mediated
inhibition of DA release (Ford, 2014). With less extracellular DA to agonize autoreceptors,
DA neurons may be kept in a depolarized state, constantly releasing their limited pool of

DA.

The regionally specific reduction in TH protein levels and rapid turnover of DA
should be considered as contributing factors for the clinical presentation of THD.
Currently, residual TH activity is the only accepted biochemical predictor of disease
severity in THD patients (Willemsen et al., 2010, Fossbakk et al., 2014). The protein level
and DA turnover findings from DRD mice argue that other genetic, epigenetic, or
environmental factors involved in protein degradation, transport, or autoreceptor function,
may play important roles in the functional output of midbrain DA neurons in THD patients.
Thus, therapies targeting those processes could be beneficial to THD patients, especially

to patients with a poor response to L-DOPA (Zafeiriou et al., 2009). Molecular chaperones
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that stabilize or promote axonal transport of TH could be beneficial. Further, MAO or
COMT inhibitors that slow down DA turnover may also be beneficial. Taken together, the
biochemical findings from DRD mice argue that the neuronal environment interacts with

the severity of the TH mutation to ultimately confer disease severity.

We also observed elevated concentrations of the 5-HT metabolite 5-HIAA, and the
5-HIAA/5-HT ratio, a measure of 5-HT turnover, throughout most of the brain in DRD mice.
Similarly, in neonatal and adult 6-OHDA-lesioned rats, striatal 5-HT fibers “sprout” in the
striatum following lesion (Berger et al., 1985, Zhou et al., 1991). 5-HT terminal sprouting
is thought to involve changes in trophic signaling brought on by loss of DA neuron
terminals (Zhou et al., 1991). This phenomenon causes elevated concentrations of both
5-HT and 5-HIAA in striatum, similar to DRD mice. DRD mice, unlike 6-OHDA lesion
models, though, have intact DA terminals in striatum, as evidenced by normal DAT
staining. Thus, we demonstrate here an interaction between catecholamine depletion and
5-HT signaling that occurs independent of reduced axonal density. It will be interesting to

determine the phenotypic role of the increased 5-HIAA in future studies.

Despite the weak TH staining and low catecholamine concentrations, the gross
morphology and number of midbrain DA neurons was normal in DRD mice. This is in
general agreement with Th-/- and DA deficient mouse lines (Kobayashi et al., 1995, Zhou
and Palmiter, 1995), though this is the first study to use stereological methods to count
DA neurons in this context. Thus, here we confirm for the first time the generally held belief
that DRD is not associated with cell loss (Rajput et al., 1994, Furukawa et al., 1999,

Bandmann and Wood, 2002, Segawa et al., 2003).

The DRD mice, however, were not without anatomical abnormalities. Despite
normal gross anatomy of the striatum and a normal density of glutamatergic inputs to

striatum, DRD mice show a shift towards more glutamatergic axo-dendritic synapses than
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axo-spinous synapses. Future physiological work will determine the functional significance
of this finding, but a reduction in spinous contacts in favor of dendritic contacts by cortical
afferents likely alters synaptic plasticity. The molecular machinery for long term depression
(LTD), the predominant form of plasticity in the striatum, is mostly expressed on spines
(Shindou et al., 2011, Plotkin et al., 2013). Thus, a shift away from spinous synapses
towards more dendritic ones, predicts that DRD mice have impaired striatal LTD, thus
impaired motor learning, of importance for understanding the pathophysiology of dystonia

(Peterson et al., 2010, Quartarone and Pisani, 2011).

The loss of spinous synapses may occur dependently or independently of MSN
spine loss in striatum. Loss of MSN spines occurs following neonatal or adult 6-OHDA
lesion in rats (Ingham et al., 1989, Ingham et al., 1998) and in primates following MPTP
lesion (Villalba et al., 2009). Further, spine loss in 6-OHDA-lesioned mice shows some
selectivity for indirect pathway MSNs over direct pathway MSNs (Day et al., 2006). It will
be interesting to characterize the dendritic arbor of direct and indirect pathway MSNSs in

DRD mice, noting similarities and differences with the DA lesion models.

Previously, our lab has shown that a mouse model of DYT1 dystonia (DYT1 mice)
also exhibit a shift in the ratio of spinous to dendritic glutamatergic synapses in the striatum
(Song et al., 2013). DYT1 mice, similar to DRD mice, show reduced extracellular DA in
striatum. Thus, though these forms of dystonia are caused by mutations in different genes,
they alter neurochemistry and striatal anatomy in a similar way. Identifying shared
abnormalities, such as these, is critical for pinpointing defects central to the induction of
dystonia and useful for the identification of novel therapeutic strategies that may be useful

in many different forms of dystonia.
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Chapter 3: Behavioral phenotype of the DRD mice: special emphasis on diurnal

fluctuations and drug responses
Abstract

The work in this chapter outlines the initial behavioral characterization of the DRD mice.
We find that the DRD mice show strikingly similar features to patients with DRD. DRD
mice exhibit abnormal movements largely composed of dystonic flexion of their limbs and
trunk. Abnormal movements, locomotion, cataleptic behavior, and motor performance
measures worsen through the active period in DRD mice, with motor output relatively
normal at 8pm but impaired at 8am. Diurnal fluctuations in DA turnover, measured by the
ratio of DOPAC/DA, correlates with behavioral diurnal fluctuations in DRD mice. DRD mice
show a locomotor response to amphetamine, illustrating the behavioral relevance of their
residual DA. Notably, L-DOPA and THP reduce abnormal movements in DRD mice,
illustrating that the model exhibits predictive validity. Work with L-DOPS and L-DOPA
microinjection to specific brain regions illustrate that the L-DOPA response is due to
repletion of striatal DA, specifically. This work establishes the DRD mice as a model with
face and predictive validity and illustrate the neurochemical and anatomical substrates of

dysfunction in the mice.
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Introduction

In the previous chapter we established that the DRD mice exhibit reduced brain
catecholamines and minimal alterations to nigrostriatal anatomy. Here we expand on the
analysis of the DRD mice by examining how those changes affect the behavior of the
mice. Focus is placed on examining behavioral phenotypes that have relevance to the
typical presentation of DRD in humans to establish face validity of the model. Patients with
DRD present with dystonic limb movements that sometimes become generalized dystonia.
Dystonic movements worsen through the day, a phenomenon termed diurnal fluctuations.
Lastly, the hallmark feature of DRD is the dramatic amelioration of dystonia in response
to L-DOPA administration (Hwang et al., 2001, Bandmann and Wood, 2002, Segawa,
2009, Trender-Gerhard et al.,, 2009). DRD patients also respond to THP, a mixed

muscarinic receptor antagonist (Jarman et al., 1997).

For the studies in this chapter, we use observational analyses, standard
assessments of rodent motor function, and drug responses to define the motor deficits of
the DRD mice. Special emphases is placed on time of day-dependent differences, as
patients with DRD exhibit diurnal fluctuations. Further, the response to L-DOPA and
several other compounds are examined. Though a model with construct validity allows for
specific biochemical questions to be asked, establishing face validity would greatly expand
the utility of the DRD mice. The work in this chapter addresses the issue of face validity
as well as establishes the neurochemical basis of the behavioral presentation in DRD

mice.
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Methods

Animals

As described in chapter 2, DRD and normal littermate controls, between 2-4 months old
were used. Unless directly stated, experiments occurred following >24 hr L-DOPA

withdrawal.

Assessment of abnormal movement

A behavioral inventory was used to define the types of movement 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), as developed and previously described by our laboratory (Devanagondi et
al., 2007, Shirley et al., 2008, Raike et al., 2012). Abnormal movements were observed
and scored for 30 sec at 10 min intervals for 60 min. An abnormal movement score was
calculated by summing the scores from all scoring bins. All mice had at least 2 exposures
to the testing room prior to data collection. For time of day, THP, and microinjection tests,
mice were scored in a novel open field. For L-DOPA and 3,4-L-dihydroxyphenylserine (L-
DOPS) tests, mice were habituated to test chambers for >24 hr before the test.
Trihexhyphenidyl and microinjection tests were performed at 2pm. L-DOPA and L-DOPS
tests were performed at 8pm. Behavioral raters were blinded to genotype and treatment.

Mice had access to food and water ad libitum.

Locomotor Activity

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 for the duration of the test period. For

spontaneous locomotor activity, mice were habituated to photocell activity cages for >24
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hr during the L-DOPA washout period; recording started at 1pm and continued for 24 hrs.
For amphetamine challenge, mice were injected at 2pm, after mice were habituated to
photocell activity cages for >24 hr during the L-DOPA washout period, and locomotor
activity was recorded for 1 hr. For time of day, THP, L-DOPA, and L-DOPS effects,
locomotor activity was recorded in parallel to abnormal movement assessments, as
described above. All mice had at least 2 exposures to the testing room prior to data

collection. Mice had access to food and water ad libitum.

Systemic drug challenges

Compounds were administered (s.c.) in saline, in a volume of 10 ml/kg. Behavioral
experiments started 10 min after drug administration, except L-DOPS, which was
administered as described (Thomas et al., 1998). Briefly, L-DOPS was dissolved in 0.2 M
HCl and the solution was neutralized with NaOH just prior to injection. 1 g/kg L-DOPS plus
0.25 g/kg benserazide or vehicle was administered 5 hrs prior to testing, because NE
levels peak 5 hrs after L-DOPS injection. For dose response experiments, mice were
tested in a repeated measures design with a pseudorandom order of drug doses and
vehicle; each mouse received every dose only once within an experiment. Mice were given
a 4-day drug washout between challenges. Amphetamine, raclopride, L-DOPA, and THP
were obtained from Sigma-Aldrich. L-DOPS was generously provided by Dainippon-

Sumitomo Inc (Osaka, Japan).

Cling test

Grip strength was tested with the cling test. A 20 x 20 cm square platform with 6-mm grid
wire mesh and 5 cm frame was suspended 50 cm above a padded surface. Mice were
placed on the platform and allowed to habituate for 1 min. The platform was rotated 90°

and held vertical for 1 min, then rotated again 90° and held inverted for 1 min. Each mouse
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was timed until falling on 3 different trials and the average latency to fall was recorded.

Mice that did not fall were timed at 3 min.

Bar test of catalepsy

Maintenance of unnatural postures, a common result of DA antagonism (Sanberg, 1980,
Sotnikova et al., 2006), was tested with the bar test of catalepsy. The mouse’s forepaws
were gently placed on a horizontal bar (0.5 cm diameter) 4 cm above the cage floor. Time
was measured from the placement of the forepaws until both forepaws were removed from
the bar. Cutoff time was 1 min for each trial. Each mouse was tested in 3 consecutive trials

per session. The average of 3 trials was used to calculate catalepsy.

Rotarod

The rotarod was used to assess motor learning and performance. Mice were placed on a
4 cm diameter rod (Columbus Instruments, Columbus, OH) rotating at 4 rpm. Rotation
speed was increased from 4 to 40 rpm over a 6 min period, and latency to fall was
recorded. Mice that did not fall during the 6 min period were recorded as 6 min. The
average of 3 trials was used to calculate performance. The effect of time of day on rotarod
performance was assessed on mice trained on the rotarod for two consecutive days. Mice
remained on their usual daily L-DOPA supplementation during the training sessions and
DRD mice performed comparably to normal during training. Mice were tested on the third
day after >24 hr withdrawal from L-DOPA. The effect of L-DOPA on rotarod performance
was assessed over 4 days on mice naive to the rotarod. Mice were tested following 10

mg/kg L-DOPA or saline at 2pm.

Pole test

The pole test was used as a second method for assessing motor performance. Mice were

placed with their head oriented upwards on a 50 cm tall, 1 cm diameter vertical pole placed
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inside their home cage. The time for each mouse to descend and have all four limbs on
the cage floor was recorded. For time of day and L-DOPA tests, mice were trained on the
task for 2 consecutive days with 5 trials/day. Mice remained on their usual daily L-DOPA
supplementation during the training sessions. L-DOPA was withdrawn >24 hours prior to
the test session in which mice performed 5 trials and the best time for each mouse was

used for analysis. The effect of L-DOPA was tested at 2pm.

In vivo TH activity and tissue monoamines

L-DOPA accumulation following NSD-1015 was used to assess in vivo TH activity, as in
chapter 2. Tissue monoamines were assessed by HPLC, as in chapter 2. The effect of a
therapeutic dose of L-DOPA on tissue monoamines was assessed at 8pm. Mice were
injected (s.c) with 10 mg/kg L-DOPA and 2.5 mg/kg benserazide and sacrificed for HPLC
45 min later. The effect of L-DOPS on tissue monoamines was also assessed at 8pm.
Mice were injected with L-DOPS, as above for behavioral assessments, and sacrificed for

HPLC.

Statistics

Monoamine and behavioral data were analyzed using ANOVA. Significant effects within
groups were tested post hoc with the Holm-Sidak test, with normal mice or saline treatment
as the control group. In analyses where there was no obvious control group, as for time of
day assessments, Tukey’s test was used post hoc. For analyses where values spanned
several orders of magnitude between genotypes, Student’s t test was used post hoc for
comparisons within genotypes. SigmaStat was used for all analyses. Detailed statistical

results are presented in the Figure Legends.
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Results

Dystonic movements in DRD mice

During our initial observations of the DRD mice, we noted abnormal involuntary
movements. Forelimbs were often tucked tightly into the chest while hindlimbs were lifted
off the cage floor in a stereotyped paddling motion with toes spread (Fig. 11A). Abnormal
movements in DRD mice were sometimes observed at the start of the active (dark) period
(8pm) and increased throughout the night with the highest occurrence at the end of the
active period (8am) (Fig. 11B; p<0.001). This pattern of activity is reminiscent of DRD
patients whose symptoms worsen throughout the day. The movements were comprised
largely of abnormal flexion of the forelimbs, hindlimbs, and lower trunk (Fig. 11C and D).
These movements were dynamic, not fixed postures, and best described as dystonia. No
sex bias was observed. Heterozygous mice never exhibited abnormal movements,

consistent with the recessive mode of inheritance in humans.

We next investigated whether other DA-dependent motor behaviors displayed
deficits based on time of day in DRD mice. First, we examined locomotor activity in normal
and DRD mice, after they had been habituated to the testing cages. DRD mice exhibited
a normal circadian-dependent burst of locomotor activity at the start of the active period,
but this was followed by a rapid decline in locomotor activity to below normal levels
throughout the night (Fig. 12A; p<0.01). The reduction in locomotor activity was most
pronounced during the last 6 hrs of the active period, when dystonic movements were
most severe. We also examined locomotor activity in a novel open field at 8pm and 8am.
Under these conditions, DRD mice exhibit striking hyperactivity compared to normal mice
at 8pm but not 8am (Fig. 12B; p<0.001). DRD mice displayed increased catalepsy
compared to normal at 8am, but not 8pm (Fig. 12C; p<0.01). It is important to note,

however, that the ~10-15 s of catalepsy displayed by DRD mice is mild in comparison to
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acute models of parkinsonism (Carlsson et al., 1957, Sotnikova et al., 2006). Consistent
with the diurnal fluctuation in other motor behaviors, there was no difference in the
performance of normal and DRD mice on rotarod or pole test at 8pm. However, at 8am,
DRD mice were significantly impaired on both tests (Fig. 12D, p<0.01; and 12E, p<0.001).
Thus, in all the motor behaviors we tested, the DRD mice displayed time of day-dependent

dysfunction.
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Figure 11: Dystonic movements in DRD mice. (A) DRD mice exhibit abnormal, involuntary
movements, resulting in dystonic postures of the limbs and trunk. (B) Dystonic movements were
assessed in DRD mice over the course of a day (n=8). DRD mice expressed significantly fewer
dystonic movements at 8pm than at other times of day (Fs28=6.8, one-way repeated measures
ANOVA; p<0.05 8pm vs. 2am and 2pm, p<0.001 8pm vs. 8am, Tukey’s post hoc analysis). (C) The
abnormal movements were largely composed of transiently sustained flexion in both the inactive
(light) and active (dark) period. (D) The abnormal movements were most frequent in the forelimb,
but also involved hindlimb and trunk in the inactive and active periods. Data collected in the active

period is shaded in grey. Values represent mean + SEM; *p<0.05, ***p<0.001.
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Figure 12: Time of day-dependent differences in motor behavior. (A) Spontaneous locomotor
activity was assessed over 24 hrs in normal and DRD mice (n=10/genotype). Locomotor activity
was significantly reduced in DRD mice compared to normal mice across the entire 24 hr period
(F1,18=9.6, two-way repeated measures ANOVA; p<0.01, Holm-Sidak post hoc analysis). In the
active period, there was a significant genotype x time interaction effect (F1,18=5.2, two-way repeated
measures ANOVA, p<0.05, Holm-Sidak post hoc analysis) reflecting the reduction in locomotor
activity in DRD mice in the last 6 hrs of the active period. (B) Spontaneous locomotor activity in a
novel open field was assessed for 1 hr in normal and DRD mice in the early active period (8pm)
and early inactive period (8am) (n=5-7/genotype). There was a significant genotype x time
interaction effect, where DRD mice exhibited hyperactivity at 8pm in the novel open field compared
to 8am (F1,10=25.2, two-way repeated measures ANOVA; p<0.001, Tukey’s post hoc analysis). (C)
Maintenance of unnatural postures, was tested with the bar test of catalepsy in normal and DRD
mice at 8pm and 8am (n=7/genotype). There was a significant genotype x time interaction effect,
where DRD mice exhibited increased cataleptic behavior at 8am compared to 8pm (F1,12=8.1, two-
way repeated measures ANOVA; p<0.01, Tukey’s post hoc analysis). (D) Rotarod performance
was assessed at 8pm and 8am (n=7-8/genotype). There was a significant genotype x time
interaction effect, where DRD mice exhibited poor performance at 8am but not at 8pm (F1,13=15.0,
two-way repeated measures ANOVA; p<0.01, Tukey’s post hoc analysis). (E) Pole test
performance was similarly assessed at 8am and 8pm (n=7-8/genotype). There was a significant
genotype x time interaction effect, where DRD mice exhibited poor performance at 8am but not
8pm (F1,13=9.8, two-way repeated measures ANOVA; p<0.01, Tukey’s post hoc analysis). Values

represent mean £ SEM; *p<0.05, **p<0.01, ***p<0.001.
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Diurnal fluctuations in neurochemistry

We hypothesized that changes in DA regulation correlated with the diurnal fluctuations of
behavior in DRD mice. To address this possibility, we assessed striatal TH activity,
monoamine, and monoamine metabolite concentrations at 8pm, when the frequency of
dystonic movements were low, and in a separate cohort of mice at 8am, when the
frequency of dystonic movements were high. In normal animals, TH expression and brain
DA concentrations have a distinct circadian rhythm, with TH activity and DA concentration
peaking in the inactive period (Cahill and Ehret, 1981, Weber et al., 2004, Ferris et al.,
2014). In agreement with these studies, we saw a significant increase at 8am, compared
to 8pm, in striatal TH activity (Fig. 13A; p<0.01), DA (Fig. 13B; p<0.001), and DOPAC (Fig.
13C; p<0.05) concentrations in normal mice. In DRD mice, we observed a nonsignificant
trend towards increased TH activity at 8am. DA concentration showed an opposite trend
from normal in DRD mice, with slightly less DA at 8am compared to 8pm. DOPAC
concentration supported that trend, with DRD mice showing significantly decreased
DOPAC at 8am compared to 8pm (Fig. 13C; p<0.01). Since most DOPAC is located in
the extracellular space (Wallace and Traeger, 2012), this result suggests that what little
DA is synthesized in DRD mice is released at 8pm. The DOPAC/DA turnover ratio further
illustrated the time of day-dependent differences in DA regulation in DRD mice. There was
a 375% increase in the ratio of striatal DOPAC/DA in DRD mice at 8pm compared to
normal mice (p<0.001), and compared to both DRD and normal mice at 8am (Fig. 13D;

p<0.001).

We also examined striatal 5-HT and 5-HIAA concentrations at 8pm and 8am in
normal and DRD mice. While striatal 5-HT concentrations did not differ between 8pm and
8am (Fig. 13E), 5-HIAA showed time of day-dependent effects. 5-HIAA was significantly

increased in DRD mice at 8pm (Fig. 13F; p<0.05), but not different from normal at 8am.
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Further the 5-HIAA/5-HT ratio, a measure of 5-HT turnover, was also elevated at 8pm in
DRD mice (Fig. 13G; p<0.001), but was similar to normal mice at 8am. Thus, measures
of 5-HT signaling also showed differences in diurnal regulation in DRD mice, where

periods of elevated 5-HT signaling correlated with periods of few dystonic movements.
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Figure 13: Diurnal fluctuations in DA metabolism. (A) Striatal TH activity was assessed in the early
active period (8pm) and early inactive period (8am) in normal and DRD mice (n=5-8/condition).
There was a significant genotype x time interaction effect (F1,2:=25.8, p<0.001), with normal mice
exhibiting significantly more TH activity at 8am than at 8pm (p<0.01) but no significant difference
was observed between times of day in DRD mice (p>0.1). (B) Striatal concentrations of DA, (C)
DOPAC, (D) the DOPAC/DA ratio, (E) 5-HT, (F) 5-HIAA, (G) and the 5-HIAA/5-HT ratio were
assessed at 8am and 8pm (n=6-9/condition). (B) For DA, there was a significant genotype x time
interaction effect (F1,23=23.6, p<0.001), with the concentration of DA in normal mice significantly
greater at 8am than at 8pm (p<0.01) but no significant difference observed between times of day
in DRD mice. (C) For DOPAC, there was a significant genotype x time interaction effect (F1,23=4.6,
p<0.05), with the concentration of DOPAC in normal mice significantly greater at 8am than at 8pm
(p<0.05) but DOPAC was significantly lower at 8am than at 8pm in DRD mice (p<0.01). (D)
Similarly, for the DOPAC/DA ratio, there was a significant genotype x time interaction effect
(F123=12.6, p<0.01) with significantly greater DA turnover at 8pm than at 8am in DRD mice
(p<0.001), but not normal mice. (E) No significant effect of genotype (F123=0.6, p>0.1) or time
(F1,23=1.9, p>0.1) on 5-HT concentrations were observed. (F) For 5-HIAA, there was a significant
genotype x time interaction effect (F1,23=6.0, p<0.01) with significantly greater 5-HIAA at 8pm than
at 8am in DRD mice (p<0.05) and normal mice (p<0.05). (G) Similarly, for the 5-HIAA/5-HT ratio,
there was a significant genotype x time interaction effect (F1,23=29.1, p<0.001) with significantly
greater 5-HIAA at 8pm than at 8am in DRD mice (p<0.001) and normal mice (p<0.05). Statistical
analyses were performed using a two-way ANOVA with Student’s t test post hoc analyses for TH
activity, DA and DOPAC concentrations, and Holm-Sidak post hoc analysis for 5-HT, 5-HIAA, and

turnover ratios. Values represent mean + SEM; *p<0.05, **p<0.01, ***p<0.0
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Behavioral responses to indirect catecholamine agonists

To begin to connect neurochemistry to behavior, we used a behavioral pharmacological
approach with the DRD mice. We started this work by examining responses to various
indirect catecholamine agonists. First, we confirmed that the low levels of catecholamines
were in fact behaviorally relevant for the DRD mice by assessing the locomotor response
to 5 mg/kg amphetamine in the mice. Amphetamine causes monoamine release from
synaptic terminals to cause hyperlocomotion. Indeed, normal mice exhibited a significant
increase in locomotor activity with 5 mg/kg amphetamine (Fig. 14A and B; p<0.001). DRD
mice also exhibited a significant increase in locomotor activity in response to amphetamine
(p<0.01), albeit less than the increase observed in normal mice. This result suggests that
the low concentrations of catecholamines in DRD mice are adequate to mediate behavior.

Alleviation of dystonia upon L-DOPA treatment is the defining feature of DRD. We
examined the response to 10 mg/kg L-DOPA in the DRD mice to illustrate that the DRD
mice also displayed this feature of the disorder. 10 mg/kg L-DOPA, in mice, is roughly
equivalent to a 50 mg dose of L-DOPA for a 60 kg human, accounting for dose translation
(Reagan-Shaw et al., 2008), a dose that is effective and well-tolerated in DRD patients
(Steinberger et al.,, 2000). First, we measured the effect on brain monoamine
concentrations following this dose in DRD mice. L-DOPA significantly increased DA
(p<0.001) and NE (p<0.001) concentrations throughout the brain (Table 2), specifically
restoring striatal DA to 22% of the concentration seen in normal mice. Interestingly, striatal
5-HIAA concentrations (p<0.01) and the 5-HIAA/5-HT ratio (p<0.001) were reduced by L-
DOPA in DRD mice. The significance of this interplay between DA depletion and 5-HT

signaling should be addressed in future studies.
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Figure 14: Amphetamine response in DRD mice. (A,B) Effect of 5 mg/kg amphetamine or saline

on locomotion in normal (n=8) and DRD mice (n=7) at 2pm. A significant dose x genotype

interaction effect was observed (F1,13=40.5, two-way repeated measures ANOVA, p<0.001) with

amphetamine increasing locomotor activity in DRD mice (p<0.01, Student’s t test post hoc) though

less than normal mice (p<0.001, Student’s t test post hoc). Data displayed per 5 min time bin in (A)

and as total for 60 min in (B). Values represent mean + SEM; **p<0.01 ***p<0.001.
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This partial restoration of striatal DA by L-DOPA eliminated dystonic movements
in DRD mice (Fig. 15A; p<0.001). Thus, this important feature of DRD is replicated in the
DRD mice. To further examine the behavioral effects of L-DOPA in DRD mice, we
measured rotarod and pole test performance after L-DOPA at 2pm. DRD mice showed no
deficits in the cling test at 2pm, a test of grip strength, illustrating that the ability to perform
these tasks at this time of day (p>0.1; not shown). L-DOPA had no effect on rotarod
performance in normal mice (Fig. 15B; p>0.1); DRD mice, however, showed significant
improvement from saline with L-DOPA (p<0.01). Similarly, DRD mice showed significant
improvement from saline with L-DOPA on the pole test, (Fig. 15C; p<0.001), whereas
normal mice showed no benefit from L-DOPA (p>0.1). DRD mice also showed a
hyperlocomotor response to L-DOPA (Fig. 15D; p<0.001). Considering this response
occurs with tissue striatal DA concentrations that are ~20% of normal, supersensitive DA
receptor responses likely occur in DRD mice, which are investigated in Chapter 4. Taken
together, these results show that dystonic movements and motor deficits respond to L-
DOPA in DRD mice. In agreement with the time of day-dependent neurochemistry
differences, these data further illustrate that behavioral deficits occur when presynaptic

DA tone is low, and can be reversed with acute repletion of catecho
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Figure 15: L-DOPA response in DRD mice. (A) Peripheral administration of L-DOPA significantly
reduced dystonic movements in DRD mice (n=7/treatment; p<0.001, paired Student’s t test) at 2pm.
(B) The effect of L-DOPA on rotarod performance in normal and DRD mice was assessed. Rotarod
performance was significantly impaired in DRD mice compared to normal mice after saline
treatment, but improved significantly after L-DOPA treatment (n=4/condition; F123=44.1, two-way
ANOVA within day 1, p<0.01, Holm-Sidak post hoc analysis). (C) DRD mice exhibited a significant
deficit in pole test performance compared to normal mice (n=6-7/condition) but L-DOPA treatment
significantly improved pole test performance in DRD mice (genotype x treatment interaction effect;
F123=44.1, two-way ANOVA, p<0.001, Holm-Sidak post hoc analysis). (D) DRD mice (n=7-
8/treatment) display a locomotor response to L-DOPA (genotype X treatment interaction effect;
F1,13=42.8, two-way ANOVA, p<0.001, Holm-Sidak post hoc analysis), whereas normal mice do not

(n=7-8/treatment; p>0.1). Values represent mean * SEM; **p<0.01 ***p<0.001.
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Table 2: Effect of L-DOPA and L-DOPS on monoamines.

DA NE 5-HT 5-HIAA 5-HIAA/5-HT
Striatum
DRD +Saline 0.3+0.1 N.D. 3.2+0.2 34+0.3 1.0+0.1
DRD +L-DOPA 15.8 £ 1.1%** 0.1+0.1* 2.2+ 0.2%* 1.4 £ 0.1%** 0.6 £ 0.1**
DRD +Vehicle 0.1+01 0.1+£0.0 26+0.1 21+0.1 0.8+0.0
DRD +L-DOPS 0.8+0.1* 24+13 23104 1.8+0.3 0.8+0.1
Midbrain
DRD +Saline 0.1+0.0 0.2+0.1 10.8+0.3 5.4+0.5 0.5+0.0
DRD +L-DOPA 5.2 £ 0.9%** 2.7 £ 0.4%* 126+ 1.0 58+04 0.5+£0.0
DRD +Vehicle N.D. 0.3£0.0 11.0+0.6 45+05 0.4+0.0
DRD +L-DOPS 0.3 +£0.0** 2.4 +£0.3** 11.6 £ 0.6 44+04 0.4+0.0
Cortex
DRD +Saline 0.1+0.0 0.1+0.0 25+0.3 1.7+0.1 0.7+0.0
DRD +L-DOPA 2.2 £ 0.6%** 2.1+ 0.5%* 23+05 1.3+0.1* 0.6+0.1
DRD +Vehicle N.D. N.D. 7.0+£2.0 09+0.1 09+0.1
DRD +L-DOPS N.D. 0.7 £ 0.0%** 85+1.0 0.7+0.0 0.7+0.0
Brainstem
DRD +Saline 0.3+0.0 09+0.1 141+1.6 17.2+1.4 1.2+0.1
DRD +L-DOPA 2.4 £ 0.2%%* 4.7 £ 0.4%* 8.1+0.7* 7.3 £ 0.8*** 0.9 £0.0*
DRD +Vehicle 0.1+0.1 04+04 58+1.0 59+09 1.1+0.2
DRD +L-DOPS 0.2+0.1 1.0+£0.3 6.8+0.5 56+1.1 0.8+0.1
Hippocampus
DRD +Saline N.D. 0.3+0.0 35+0.7 28+0.2 0.8+0.1
DRD +L-DOPA N.D. 1.8 £ 0.2%** 34101 29+0.2 0.8+0.1
DRD +Vehicle N.D. 0.2+0.1 6.6+0.3 3.0+04 05+£0.1
DRD +L-DOPS N.D. 0.7+0.1* 74+16 27+0.3 04+0.1
Cerebellum
DRD +Saline N.D. N.D. 1.3+0.1 1.2+0.0 0.8+0.1
DRD +L-DOPA N.D. 2.5+ 0.7 1.6+0.4 0.8+0.2* 0.5+ 0.0**
DRD +Vehicle N.D. 0.1+0.0 3.9+0.7 0.9+0.2 0.2+£0.1
DRD +L-DOPS N.D. 0.5 £ 0.0%** 3.0+05 04+0.1 0.1+0.0

Tissue concentrations of monoamines were measured by HPLC 45 min after 10 mg/kg L-DOPA
(+2.5 mg/kg benserazide) (n=4) or saline (n=6) or 5 hr after 1 g/kg L-DOPS (+0.25 g/kg
benserazide) (n=4) or L-DOPS vehicle (HCI/NaOH) (n=3). There was an effect of L-DOPA on DA
concentration (F1,8=260, p<0.001) and NE concentration (F1,8=789, p<0.001) in all regions. There
was an effect of L-DOPS treatment on NE concentration (F1,5=8.7, p<0.05), and DA concentration
in striatum and midbrain (F15=14.9, p<0.05). Each analyte was tested with two-way repeated
measures ANOVA. Significant main effects were tested post hoc within each brain region with
Student’s t tests. Values represent mean = SEM; *p<0.05, **p<0.01, ***p<0.001. N.D. = not

detected.
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To verify that the elevation in striatal catecholamines was central to the behavioral
effect of L-DOPA, we microinjected L-DOPA into the striatum, as well as in cerebellum as
a control. Bilateral microinjections of L-DOPA into the dorsal striatum significantly reduced
the abnormal movements (Fig. 16; p<0.01). By contrast, microinjection of L-DOPA into

midline cerebellar vermis had no discernible effect on abnormal movements.

TH is the rate-limiting enzyme in the synthesis of both DA and NE, and both
transmitters are reduced in DRD mice. Further, L-DOPA is converted to both DA and NE
in the brain. To better understand the role of each catecholamine in the abnormal
movements, we challenged DRD mice with L-DOPS, which can be converted to NE by
AADC but does not directly increase DA levels (Thomas et al., 1998). Peripheral
administration of L-DOPS (1 g/kg) significantly increased NE concentrations throughout
the brain (Table 2, p<0.05), but had no significant beneficial effect on the abnormal
movements (Fig. 17A; p>0.1) or locomotor activity (Fig. 17B; p>0.1). Thus the acute effect
of L-DOPA on both of these behavioral measures likely is a result of specifically repleting

DA, not all catecholamines.

To further illustrate the predictive validity of the DRD mouse model, we
investigated the behavioral response to THP, a nonselective muscarinic acetylcholine
receptor antagonist. THP, like L-DOPA, is effective at reducing dystonia in DRD patients
(Jarman et al.,, 1997). DRD mice exhibited a significant dose-dependent reduction in
abnormal movements following THP administration (Fig. 18A, p<0.05). Because THP can
have sedative effects at high doses, locomotor activity was measured at the same time as
the assessment of abnormal movements. Locomotor activity was not affected by any dose
of THP tested (Fig. 18B; p>0.1), suggesting that the effect on abnormal movements was

not attributable to a global reduction in motor behavior.



85

Abnormal Movement Score

Sham Str. Cbm.

Figure 16: Regional specificity of L-DOPA effects. Microinjection of L-DOPA (200 pg) into the
striatum of DRD mice significantly reduced abnormal movements (F2=6.8, one way repeated
measures ANOVA; p<0.01 Holm Sidak post hoc analysis), whereas cerebellar microinjections did
not (p>0.1, Holm Sidak post hoc analysis). Microinjection experiments were performed at 2pm.

Values represent mean + SEM; *p<0.05.
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Figure 17: L-DOPS response in DRD mice. (A) Peripheral administration of 1 g/kg L-DOPS did not
affect abnormal movements in DRD mice (p>0.1, Student’s t test). (B) Similarly, 1 g/kg L-DOPS did
not affect locomotion (p>0.1, Student’s t test). L-DOPS experiments were performed at 8pm. Values

represent mean + SEM
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Figure 18: THP response in DRD mice. (A) Administration of THP (n=8/dose), significantly
reduced dystonic movements in DRD mice (F321=3.4, one-way repeated measures ANOVA,
p<0.05, Holm-Sidak post hoc analysis) at 2pm. (B) THP had no effect on locomotion in DRD mice
(F3,21=0.3, one-way repeated measures ANOVA, p<0.1). Values represent mean + SEM; *p<0.05,

*#n<0.01, **p<0.001.
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Discussion

Here we describe the motor behavioral phenotype of the DRD mice. These mice exhibit
abnormal, involuntary movements in their limbs and trunk, which are best described as
dystonia, and most closely resemble the milder, type A form of THD. Like patients with
DRD, their abnormal movements and overall motor performance worsen through the
active period. We show that changes in presynaptic striatal DA regulation correlate with
those behavioral changes. We also show that the DRD mice respond to amphetamine, L-
DOPA, and THP. Further, the L-DOPA response was due to partial repletion of striatal DA,

specifically.

That the DRD mice exhibit dystonic movements could have been predicted. The
DRD mice carry the mouse homolog of a mutation that causes a fully penetrant form of
dystonia in humans. Further, the anatomy of catecholamine systems are well conserved
between the species (Bjorklund and Dunnett, 2007). Thus, it is not surprising that similar
phenotypes occur in both humans and mice from this particular genetic insult. Dystonic
phenotypes, however, are rare among engineered mouse strains. None of the mouse
models that recapitulate the genetics of DYT1 (Song et al., 2012), DYT11 (Zhang et al.,
2012), Lesch-Nyhan disease (Jinnah et al., 1994), DAT deficiency (Giros et al., 1996), or
VMAT?2 deficiency (Caudle et al., 2007) exhibit dystonia. Thus, the DRD mice present a
rare opportunity to design experiments that work forwards from genetic etiology, as well

as backwards from the behavior to better understand the neural mechanisms of dystonia.

DRD mice have a phenotype that is distinct from other similar strains where TH is
genetically disrupted early in development. First, DRD mice display different motor
behavioral features than DA deficient mice, where TH expression is completely abolished
in DA neurons. In those mice, akinesia is the prominent motor behavioral feature (Zhou

and Palmiter, 1995, Szczypka et al., 1999). Notably, dystonic movements are not
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described in DA deficient mice. DRD mice on the other hand, display dystonic movements
and only mild deficits in locomotor activity. Further, DRD mice exhibit a burst of activity
that is tuned to the start of the active period, and actually display hyperactivity in certain
testing paradigms. Thus, the residual catecholamines in DRD mice likely play an important
role in determining motor phenotype. One could argue that DRD mice resemble type A
THD, whereas DA deficient mice resemble type B THD, though both show reductions in
striatal TH activity (~99% in DRD mice, 100% in DA deficient mice) that would be

considered predictive of type B THD.

It is interesting to note, though, that while the motor behavioral phenotypes of DRD
and DA deficient mice are different, they both show deficits in feeding. Indeed, both strains
require daily L-DOPA injections to initiate feeding and maintain a healthy body weight. This
argues that maintenance of feeding behavior is more sensitive to DA depletion than the
maintenance of locomotor activity. Or more specifically, in DRD mice, the low levels of DA
are sufficient to initiate locomotor activity and dystonic movement, but too low to maintain

sufficient daily consumption of food and water.

DRD mice also have a phenotype that is distinct from pts-/-; DPS mice, where DA
neurons lack the capability to synthesize BHa. In those mice striatal TH activity and DA
concentrations are 15%-20% of normal, and neither dystonia nor locomotor deficits are
seen (Sumi-Ichinose et al., 2005, Sato et al., 2008). Taken together, the findings from DA
deficient, pts-/-; DPS, and DRD mice argue that dystonia is associated with residual TH
activity and DA concentrations within a specific range. First, DA must be below a threshold,
lower than that in pts-/-; DPS mice, for dystonic movements to emerge in mice. This
concept of a threshold of DA depletion for symptom onset is widely accepted for PD
(Bernheimer et al., 1973), but is rarely discussed for DRD. Also, some residual TH activity

and DA concentration, greater than those in DA deficient mice, must be spared for dystonic
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movement to be initiated. While other factors, such as genetic background and differences
in the noradrenergic system may also play a role, the levels of residual striatal DA are
likely central in determining the motor outcomes in these different mouse strains. Thus, in
DRD mice, TH activity and DA concentrations are reduced to levels that are in a “sweet

spot” for the induction of dystonic movement.

Further illustrating the importance of DA concentrations in determining motor
outcomes, we show that changes in DA regulation correlate with time of day differences
in dystonic movement and motor performance in DRD mice. At 8pm, when dystonic
movements were rare and motor performance was normal, we saw elevated DA turnover.
At 8am, when dystonic movements were frequent and motor performance was poor, we
saw those DA turnover values reduced to those in normal mice. Thus, even within the
DRD mice, acute fluctuations in how the residual DA is handled by the presynaptic terminal

affected the symptomatic presentation.

These data provide a possible mechanism for diurnal fluctuations in symptoms, a
hallmark feature of DRD (Segawa, 2011). Our data show that DRD mice fail to exhibit the
significant increase in TH activity at the end of the active period that normal mice show. In
normal animals, that peak in TH activity may be a means by which to replenish DA stores
after the active period, when animals exhibit increases in both extracellular DA and
exploratory activity (Paulson and Robinson, 1994, Ferris et al., 2014). In DRD mice,
mutational effects on TH protein prevents the circadian spike in Th mRNA (Weber et al.,
2004) from translating into a significant increase in TH activity. Thus, when striatal DA
stores deplete during the active period, there is no means to replace it. Further, DA
turnover is elevated in the early active period in DRD mice, which as discussed in chapter
2, may be due to minimal autoreceptor-mediated feedback on the presynaptic terminal.

Therefore, a large proportion of the limited DA store is subject to increased MAO and



90

COMT-mediated metabolism at this time. Taken together, these neurochemical data from
DRD mice argue that diurnal fluctuations occur from a general rundown in presynaptic DA
tone that occurs during the active period. Deficits in circadian upregulation of TH protein

levels and poor regulation of the residual DA likely both contribute to this rundown.

In addition to the time of day-dependent differences in DA regulation, we observed
time of day-dependent differences in 5-HT regulation as well. 5-HT signaling, like most
biological processes, is regulated by circadian rhythm (Quay, 1963). Here, we show that
5-HT turnover, measured as the 5-HIAA/5-HT, is elevated at 8pm in DRD mice, but is
similar to normal mice at 8am. Thus, elevated 5-HT signaling correlates to times of day
when dystonic movement is infrequent in DRD mice and may play some role in alleviation
from symptoms. Similarly, agonism of 5-HT1a receptors is effective in reducing dyskinetic
movement in LIDs (Bara-Jimenez et al., 2005, Eskow et al., 2007, Bishop et al., 2009).
The role for 5-HT signaling in augmenting the dystonic movements of DRD mice can be
elucidated in future studies. This role, while possibly important, is most likely secondary
to that of DA signaling, however, as the 5-HIAA/5-HT ratio is significantly reduced by L-

DOPA, which also eliminates the dystonic movements in DRD mice.

That the DRD mice show a reduction in dystonic movements after L-DOPA
administration further illustrates the acute connection between DA signaling and the
dystonic movements in these mice. Like the brief elevation in DA neurotransmission
observed at 8pm in the DRD mice, pharmacological repletion of DA stores similarly
reduces abnormal movement. We show, through microinjections of L-DOPA, that
restoration of catecholamines in striatum, specifically, is sufficient for reducing dystonic
movement. Further, we show that repletion of NE, but not DA, with L-DOPS, is insufficient
for reducing the dystonic movements. Thus, here we confirm the longstanding, but yet

unproven, hypothesis that striatal DA depletion is the primary, instigating factor for
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dystonic movement in DRD (Rajput et al., 1994, Furukawa et al., 1996, Bandmann and

Wood, 2002, Segawa, 2009).

Though these studies establish striatal DA depletion as central to the instigation of
the dystonic movement in DRD mice, acutely, it is important to highlight the role for
development in these phenotypes. Rodents models with DA depletion in adulthood are
akinetic and cataleptic, rather than dystonic (Carlsson et al., 1957, Ungerstedt, 1971a,
Sotnikova et al., 2006). An animal model of akinesia most apt for this comparison between
developmental and adult-onset DA depletion is the DA deficient DAT knockout mouse, or
DDD mouse. This model is the result of DAT knockout mice given an acute dose of the
TH inhibitor alpha-methyl-para-tyrosine as adults. Because these mice have no means of
DA reuptake, striatal DA concentrations are reduced to levels comparable to those seen
in DRD mice, and DDD mice display profound catalepsy (Sotnikova et al., 2005). The
differing motor phenotypes of DDD and DRD mice highlight the importance of
developmental adaptation in the induction of dystonic movement. One possible difference
between these models that we cannot dismiss is the influence of developmental NE
depletion. Though, we show through our L-DOPS experiment that NE depletion has a
minimal role in the acute initiation of dystonic movements, the effects of NE depletion on
the developing brain may be important. Dbh -/- mice display altered motor phenotypes
(Rommelfanger et al., 2007), and show deficits in the developmental of other brain regions
(Shepard et al., 2015). Thus, the influence of NE depletion on the developing brain could

play a role in the development of dystonia and can be addressed in future experiments.

Lastly, we show that THP reduces dystonic movements in DRD mice, as in DRD
patients (Jarman et al., 1997). Non-selective antimuscarinics like THP are one of the few
effective treatment options for many dystonias, though these drugs are often poorly

tolerated by patients (Jinnah and Factor, 2015). Several muscarinic receptors are



92

expressed in striatum on different cell-types, and perform various functional roles
(Calabresi et al., 1998, Pisani et al., 2007). Specific muscarinic receptor antagonists hold
promise as potential treatment options for dystonia as side-effects could be limited with
more specific pharmacology. Indeed, specific M1 and M2 muscarinic receptor antagonists
reverse synaptic abnormalities in DYT1 mice (Sciamanna et al., 2012, Maltese et al.,
2014). The role for DRD mice in this effort is in providing an animal model with a
therapeutic behavioral response to this class of drug. Thus, new therapeutics may be
tested in the mice and mechanistic insight can be gained. Future work with the model can
move beyond the acute connection between DA regulation and dystonic movement,
described here, and find functional roles for neurotransmitter interactions like this one
between acetylcholine and DA, as well as focus on important developmental events that

lead to dystonic movement.
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Chapter 4: DA receptor-mediated responses in DRD mice

Abstract

The work in this chapter uses behavioral and pharmacological techniques to investigate
DA receptor dysfunction in DRD mice. We show that antagonism of either D1DAR or
D2DAR worsen the dystonic movements in DRD mice. Agonism of either D1DAR or
D2DAR alleviated these symptoms. Classical DA receptor responses were perturbed in
DRD mice. By examining locomotor responses, stereotypic behaviors and second
messenger responses, we show that D1DARs were functionally supersensitive.
Conversely, classical behavioral and second messenger responses to D2DAR agonism
were blunted or altered in valence. Further, the cataleptic response to DA receptor
antagonism was blunted. These changes were not accompanied by any changes in DA
receptor expression, binding, or affinity. Thus, these studies illustrate the involvement of
DA receptors in the dystonic movements of DRD mice and that maladaptive changes to
DA receptor signal transduction may play some role in generating dystonic movement in

DRD mice.
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Introduction

In the previous chapter we established that the dystonic movements in DRD mice are
associated with low striatal DA concentrations. In this chapter, we further investigate
striatal dopaminergic mechanisms of the dystonic movement, focusing on DA receptors.
Striatal DA concentrations are low in the striatum of DRD, but not zero. Thus, how that
limited residual pool of DA signals through DA receptors is likely important to the
phenotype observed in chapter 3. Focusing on DA receptors and their responses will allow
us to start characterizing adaptive changes, downstream of presynaptic DA transmission

in the DRD mice.

The five DA receptor genes are grouped into two types; D1 and D5 are designated
D1-type DA receptors (D1DARs), while D2, D3, and D4 are designated D2-type DA
receptors (D2DARs). These subtypes differ in their expression pattern and roles in
physiology and behavior (Kebabian and Calne, 1979, Gerfen et al., 1990, Surmeier et al.,
1996). D1DARs are expressed on direct pathway MSNs, where they couple to Gasor
proteins and stimulate cAMP production by AC (Kebabian and Calne, 1979). In normal
animals, D1DAR agonism causes increased locomotion and stereotypic behaviors at high
doses (Arnt et al., 1992). Dysregulation of D1DAR-dependent signaling is observed in
animal models of LIDs, whereby signaling through supersensitive D1DARs causes
dyskinetic movement (Westin et al., 2007). Conversely, loss-of-function mutations in
GNAL, the gene coding Gagor, cause dystonia (Fuchs et al., 2013, Vemula et al., 2013).
Therefore, D1DAR supersensitivity is associated with dyskinetic movement, whereas

D1DAR hypofunction is associated with dystonic movement.

D2DARs couple to Gaito inhibit AC activity, inhibiting membrane excitability of
indirect pathway MSNs, among other cellular effects (Missale et al., 1998). D2DARs are

also expressed on DA neuron terminals and act as autoreceptors (Pothos et al., 1998), on
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glutamatergic terminals where they affect glutamate release (Bamford et al., 2004), as
well as on cholinergic interneurons where they augment neuronal firing in those cell-types
(Pisani et al., 2006). Because of this promiscuous expression, D2DARS’ role in movement
are more complex than D1DARs. For one, D2DAR knockout mice exhibit reduced
locomotion (Baik et al., 1995). Further, D2DAR antagonists reduce locomotion and cause
catalepsy (Sanberg, 1980). Selective D2DAR agonists like quinpirole, however, also
reduce locomotion in rodents (Van Hartesveldt et al., 1994, Li et al., 2010), though the
mechanisms remain unclear (Anzalone et al., 2012). Hypofunction of D2DARs has been
hypothesized as central to the pathogenesis to several dystonias (Todd and Perlmutter,
1998). Reduced striatal D2DAR binding is observed in idiopathic dystonias (Hierholzer et
al.,, 1994, Naumann et al., 1998, Horie et al., 2009) and DYT1 dystonia (Asanuma et al.,
2005). Reduced D2DAR hinding is also associated with the acute dystonic phase
exhibited by certain primate species following MPTP treatment (Perlmutter et al., 1997).

Lastly, acute dystonia can occur from neuroleptic D2DAR antagonists (Mehta et al., 2015).

As data suggest the contribution of both D1IDAR and D2DARs in dystonia, we
integrated both DA receptor subtypes into our analysis of the DRD mice. We used
subtype-selective DA receptor pharmacology to address which receptors were involved in
the dystonic movement of DRD mice. Further, we examine DA receptor expression and
classical DA receptor responses in the DRD mice to better understand what types of
adaptive changes to DA receptors, and perhaps signaling within striatum as a whole,

underlie the phenotype of the DRD mice.



96

Methods

Animals

As described in chapter 2, DRD and normal littermate controls, between 2-4 months old

were used for these studies. Experiments occurred following >24 hr L-DOPA withdrawal.

Systemic drug challenges

Compounds were administered (s.c.) in saline, in a volume of 10 ml/kg. Behavioral
experiments started 10 min after drug administration. For dose response experiments,
mice were tested in a repeated measures design with a pseudorandom order of drug
doses and vehicle; each mouse received every dose only once within an experiment. Mice
were given a 4-day drug washout between challenges. SKF 81297 and quinpirole were
obtained from Tocris Biosciences (Bristol, UK). SCH 23390 and raclopride were obtained

from Sigma-Aldrich.

Assessment of abnormal movement

Abnormal movements were assessed with a behavioral inventory, as described in chapter
3. For the experiments in this chapter, mice were habituated to test chambers for >24 hr
during the L-DOPA washout period. Assessments were performed at 8pm. Behavioral
raters were blinded to genotype and treatment. Mice had access to food and water ad

libitum.

Locomotor Activity

Locomotor activity was tested in automated photocell activity cages, as described in
chapter 3. For the experiments in this chapter, mice were habituated to the photocell
activity cages for >24 hr during the L-DOPA washout period. For SKF 81297 challenge,

mice were injected at 2pm, and locomotor activity was recorded for 1 hr. For quinpirole
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challenge, mice were injected at 8pm, and locomotor activity was recorded for 1 hr. All
mice had at least 2 exposures to the testing room prior to data collection. Mice had access

to food and water ad libitum.

Stereotypy

Stereotypic behaviors like vacuous chewing and repetitive grooming occur at high dose
DA receptor stimulation (Creese and Iversen, 1972). Mice were rated for stereotypy during
the locomotor activity tests every 10 min for 30 sec. A 0-5 behavioral scale was used:
0 = sleeping; 1 = awake, inactive; 2 = active or exploring; 3 = hyperactive; 4 = hyperactive
with bursts of stereotypy; and 5 = continuous stereotypy. Behavioral raters were blinded

to genotype and treatment.

Bar test of catalepsy

The bar test of catalepsy was performed as described in chapter 3. DRD and normal mice
were tested at 8pm. Mice were tested for baseline catalepsy, then tested again, 20 min

after injection.

gRT-PCR

gRT-PCR was performed as described in chapter 2 to assess the abundance of DA
receptor mRNAs in striatum and midbrain. Gene specific primers were as follows. D1DAR:
5-ATCGTCACTTACACCAGTATCTACAGGA-3 and 5-GTGGTCTGGCAGTTCTTGGC-
3’; D2DAR: 5-TGGCTGCCCTTCTTCATCACGC -3 and 5-
TGAAGGCCTTGCGGAACTCAATGT -3’; D3DAR: 5-CCTCTGAGCCAGATAAGCAGC-
3" and 5- AGACCGTTGCCAAAGATGATG -3'. Data were analyzed by the ACt method

(Schmittgen and Livak, 2008), using 18s rRNA as reference.

Receptor binding

Mice were sacrificed by cervical dislocation and striata were rapidly dissected, frozen on

dry ice, and stored at -80°C. Samples were homogenized by sonication in 40 volumes of
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chilled 50 mM Tris-HCI (pH 7.4). Homogenates were centrifuged at 35,000 g for 10 min,
washed, and resupended in 50 mM Tris-HCI. For [*H]SCH23390 (81.9 Ci/mmol, Perkin
Elmer, Boston, MA) binding, the assay buffer consisting of 50 mM Tris-HCI (pH 7.4), 5 mM
MgSO,4, 0.5 mM EDTA, and 40 nM ketanserin (Tocris Biosciences). Incubations were
initiated by adding 0.2-0.4 pg protein to duplicates containing 5 concentrations of
[PH]SCH23390 (2 nM, 1, 0.5, 0.25, 0.125) in a final volume of 0.6 mL, carried out for 30
min at 37°C, and terminated over Whatman GF/C glass fiber filters (Brandel, Gaithersberg,
MD). Non-specific binding was defined by 500 nM cis-flupentixol (RBI, Frederick, MD).
[*H]Spiperone (73.49 Ci/mmol, Perkin Elmer) binding was performed similarly in a buffer
of 50 mM Tris-HCI (pH 7.4), 120 mM NaCl, 5 mM KCI, 1 mM CaCl,, 5 mM MgSO., 0.1%
ascorbic acid, and 40 nM ketanserin. Duplicates containing 5 concentrations of
[*H]spiperone (1 nM, 0.5, 0.25. 0.125. 0.0625) were incubated for 30 min at 37°C, and
terminated over Whatman GF/C filters. For both [*H]SCH23390 and [*H]spiperone, filters
were washed rapidly with 15 mL of ice cold Tris-HCI and counted by scintillation
spectroscopy at an efficiency of 15-30%. After normalizing to protein concentration, a one-
site model for saturation binding was applied to obtain Bmaxand Kqfor each animal using

Prism 5 (GraphPad Software, La Jolla, CA).

AC activity

Mice were sacrificed by cervical dislocation and striata were rapidly dissected, frozen on
dry ice, and stored at -80°C. Samples were homogenized by sonication in buffer containing
10 mM imidazole (pH 7.4) and 2 mM EDTA. Homogenates were centrifuged at 500 g for
10 min to remove debris, then centrifuged again at 25,000 g for 15 min, and finally
resuspended in buffer containing 10mM imidazole (pH 7.4) and 2 mM EDTA. All reactions
were performed at 0.1 mL volume in triplicate. For the SKF 81297 activation assay,

reactions were performed in 10 mM imidazole (pH 7.4), 4 mM MgCl2, 0.5 mM 3-isobutyl-
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1-methylxanthine (IBMX), 2 mM EDTA, 10 mM pargyline, 5 uM GTP, 2 mM ATP, 20 mM
phosphocreatine, 5 U of creatine phosphokinase and 1mg BSA at 37°C for 15 min. For
the quinpirole-induced inhibition assay, reactions were performed in 80 mM Tris-HCI (pH

7.4), 150 mM NaCl, 4 mM MgCl2, 2 mM EDTA, 0.5 mM IBMX, 2 mM ATP, 20 mM

phosphocreatine, 5 U of creatine phosphokinase, 1 mg BSA, 100 yM GTP and 0.1 puM
forskolin at 37°C for 7 min. Forskolin-induced activation was tested as above without
guinpirole. About 15 pg protein was added to initiate the reaction. The reaction was
terminated by boiling the mixture for 3 min. After centrifuging the reaction mixture at 20,000
g for 10 min, cAMP accumulation was assessed by ELISA (Cell Biolabs, San Diego, CA).
Protein concentration was determined as above and AC activity was expressed as pmol

cAMP/mg protein/min.

Statistics

Behavioral data and AC activities were analyzed using ANOVA. Significant effects within
groups were tested post hoc with the Holm-Sidak test. Student’s t test was used for
radioligand binding and gRT-PCR measures. SigmaStat (Systat Software) was used for
all analyses. Detailed results of the statistical analyses are presented in the Figure

Legends.
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Results

DA receptors mediate dystonic movements

We began our examination of DA receptor responses in DRD mice by assessing their
contribution to the dystonic movements. In chapter 3, we described enhanced DA turnover
that correlated with alleviation from dystonic movements in DRD mice at 8pm. Thus,
blunting DA signaling at this time of day should worsen the dystonic movements. We
tested this hypothesis by challenging the DRD mice with DA receptor antagonists at 8pm.
First, we challenged mice with the D1DAR antagonist SCH 23390. We observed a
significant dose-dependent increase in dystonic movements in response to SCH 23390
(Fig. 19A; p<0.05). Next, we challenged mice with the D2DAR antagonist raclopride, also
at 8pm. Similarly, we observed a significant dose-dependent increase in dystonic

movements in response to raclopride (Fig. 19B; p<0.05).

We also examined the responsiveness of dystonic movements to DA receptor
subtype-selective agonists. Similar to L-DOPA, low doses of either the D1DAR agonist
SKF 81297 (Fig. 19C; p=0.051) or the D2DAR agonist quinpirole (Fig. 19D; p<0.001)
reduced dystonic movement. Taken together, these results illustrate that both D1DARs
and D2DARs play a role in the dystonic movements of DRD mice. Further, they illustrate
that endogenous DA signaling through DA receptors is highly relevant to the expression

of dystonic movement in DRD mice, as blockade of this signal worsens the dystonia.
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Figure 19: Abnormal movement response to DA receptor-specific agonists and antagonists (n=7-
8/dose). (A) The D1DAR antagonist SCH 23390 dose-dependently increased dystonic movements
(F3,21=4.64, one-way repeated measures ANOVA, p<0.05, Holm-Sidak post hoc analysis). (B) The
D2DAR antagonist raclopride dose-dependently increased dystonic movements (Fs,1s=3.68, one-
way repeated measures ANOVA, p<0.01, Holm-Sidak post hoc analysis). (C) The D1DAR agonist
SKF 81297 reduced dystonic movements (Student’s paired t test, p=0.051). (D) The D2DAR
agonist quinpirole reduced dystonic movements (Student's paired t test, p<0.001). Values

represent mean £ SEM; *p<0.05, **p<0.01, ***p<0.001.
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Abnormal DA receptor responses in DRD mice

Because DA receptors appear to be important mediators of the dystonic movements in
DRD mice, we next assessed DA receptor function. To assess DA receptor function, we
first compared the behavioral sensitivity to subtype-selective agonists between DRD and
normal mice. For these experiments, we used locomotion and stereotypy, rather than
abnormal movement, as outcome measures, because both normal and DRD mice express
these behaviors, allowing for direct comparison. The D1DAR agonist SKF 81297
significantly and dose-dependently increased locomotor activity in normal and DRD mice
(Fig. 20A; p<0.001 for each genotype). However, the dose-response curve for DRD mice
was shifted to the left; the ED50 for the SKF 81297-induced increase in locomotor activity
in normal mice was 1 mg/kg, but the ED50 in DRD mice was 0.08 mg/kg, an order of
magnitude lower than normal. SKF 81297 also dose-dependently increased stereotypic
behaviors in both genotypes (Fig. 20B; p<0.001 for each genotype), and the dose
response curve for DRD mice was again shifted to the left. These parallel results argue

for D1DAR supersensitivity in DRD mice.

Next we examined locomotion and stereotypy in response to the D2DAR agonist
qguinpirole. Unlike SKF 81297, quinpirole reduces locomotion in normal mice (Li et al.,
2010, Anzalone et al.,, 2012). In line with these findings, our data showed a dose-
dependent reduction in locomotion in normal mice treated with quinpirole (Fig. 21A;
p<0.01). In DRD mice, however, quinpirole did not suppress locomotion, but reduced
abnormal movements (Fig. 19D), suggesting that the doses being used did exert a central
effect in DRD mice. Although quinpirole dose-dependently decreased stereotypic
behaviors in normal mice (Fig. 21B; p<0.01), it dose-dependently increased stereotypic
behaviors in DRD mice (p<0.05). Taken together, these results show that DA receptor

responses are altered in DRD mice. Further, they are altered in different ways, with
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D1DARs showing behavioral supersensitivity and D2DARs showing either blunted or

altered responses.

Lastly, we examined the cataleptic response to DA receptor antagonists. Typically,
antagonism of both DA receptor subtypes results in catalepsy in rodents (Snyder et al.,
1970, Zetler, 1975, Morelli and Di Chiara, 1985). Because preliminary experiments
showed that the cataleptic responses to individual DA receptor antagonists were subtle in
DRD mice, we maximized our chances of seeing an effect by co-administering both the
D1DAR antagonist SCH 23390 and the D2DAR antagonist raclopride. As expected,
normal mice responded to these antagonists with profound catalepsy (Fig. 22; p<0.001).
DRD mice also showed a mild cataleptic response to the antagonist mixture (p<0.05),
though that response was blunted in comparison to normal mice (p<0.001). This blunted
response to antagonism occured despite decreased competition from the endogenous
ligand, DA, in DRD mice (chapter 2). Thus, these results further illustrate abnormal

behavioral responses to DA receptor challenges in DRD mice.
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Figure 20: Behavioral sensitivity to D1DAR agonism in DRD mice. Locomotor activity and
stereotypic behaviors were assessed after administration (s.c.) of the D1DAR agonist SKF 81297
at 2pm (n=6-8/genotype and condition). (A) For SKF 81297-mediated locomotor activity, there was
a significant genotype x dose interaction effect for the lower doses (0.02, 0.08, and 0.2 mg/kg)
where both genotypes were tested (Fs42=18.7, two-way repeated measures ANOVA,; p<0.001) with
a significant increase in locomotor activity in DRD mice but not normal littermates (p<0.001). At
higher doses, SKF 81297 also induced an increase in locomotor activity in normal mice (Fs,35=19.5,
one-way repeated measures ANOVA,; p<0.001, Holm-Sidak post hoc analysis). (B) For SKF 81297-
mediated stereotypy, there was a significant genotype x dose interaction effect for the lower doses
where both genotypes were tested (F342=8.9, two-way repeated measures ANOVA, p<0.001) with
a significant increase in stereotypy in DRD mice but not normal littermates (p<0.01, Holm-Sidak
post hoc analysis). At higher doses, SKF 81297 also induced an increase in stereotypy in hormal
mice (Fs35=17.0, one-way repeated measures ANOVA; p<0.001, Holm-Sidak post hoc analysis).

Values represent mean + SEM; *p<0.05, **p<0.01, ***p<0.001.
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Figure 21: Behavioral responses to D2DAR agonism in DRD mice. Locomotor activity and
stereotypic behaviors were assessed after administration (s.c.) of the D2DAR agonist SKF
quinpirole at 8pm (n=6-8/genotype and condition). (A) For quinpirole-mediated locomotor activity,
there was a significant main effect of genotype (F1,33=16.4, two-way repeated measures ANOVA,;
p<0.01, Holm-Sidak post hoc analysis) whereby quinpirole reduced locomotor activity in normal
mice (F3,18=5.6, one-way repeated measures ANOVA; p<0.01, Holm-Sidak post hoc analysis), but
not in DRD mice. (B) There was a significant genotype x dose interaction effect on stereotypy after
administration of quinpirole (Fs33=8.1, two-way repeated measures ANOVA,; p<0.001). Quinpirole
significantly decreased stereotypy in normal mice (Fz18=5.8, one-way repeated measures ANOVA,;
p<0.01, Holm-Sidak post hoc analysis) but significantly increased stereotypy behaviors in DRD
mice (F318=5.8, one-way repeated measures ANOVA,; p<0.01, Holm-Sidak post hoc analysis).

Values represent mean + SEM; *p<0.05, **p<0.01, ***p<0.001.
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Figure 22: Cataleptic response to DA receptor antagonists in DRD mice. Mice were tested for
catalepsy at baseline, and again after injection of 1 mg/kg SCH23390 and 1 mg/kg raclopride
(labeled antagonists) in normal (n=8) and DRD mice (n=12) at 8pm. A significant interaction
between genotype and drug condition was observed (F1,18=54.6, two-way repeated measures
ANOVA; p<0.001) whereby the antagonists increased catalepsy in normal (p<0.001, Holm-Sidak
post hoc analysis) and DRD mice (p<0.05, Holm-Sidak post hoc analysis), though DRD mice
exhibited less catalepsy than normal upon antagonist administration (p<0.001, Holm-Sidak post

hoc analysis). Values represent mean + SEM; *p<0.05, ***p<0.001.
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Ex vivo DA receptor expression and second messenger responses

To examine possible mechanisms for the abnormal DA receptor behavioral sensitivity, we
first examined the expression of DA receptor mRNAs in striatum with gRT-PCR. No
change in the abundance of D1, D2, or D3 DA receptor mMRNAs was observed (Table 3).
Further, we assessed D2-autoreceptor expression by repeating our analyses on tissue
from the midbrain. Similarly, no change in midbrain D2 DA receptor expression was
observed (Table 3). Thus, the expression of DA receptors was not changed in DRD mice.
Next, we assessed density and affinity of DA receptors in the striatum with ex vivo
radioligand binding. We used [*H]SCH 23390 as a specific ligand for D1DARs and
[*H]spiperone as a specific ligand for D2DARs. Similar to our results from the expression
studies, no change in the abundance (Bmax) or affinity (Kq) of either receptor was observed

(Table 4).

To assess functional changes in striatal DIDAR and D2DAR signaling, we
measured striatal AC activity. First, we assessed baseline AC activity with the AC activator
forskolin, ex vivo, in striata from normal and DRD mice. We observed a nonsignificant
trend towards increased baseline AC activity in DRD mice (Fig. 23A; p=0.086). D1DAR-
stimulated activation of AC activity was assessed with SKF 81297. SKF 81297-stimulated
AC activity was significantly higher, overall, in DRD mice compared to controls (Fig. 23B;
p<0.001). Within the lower two doses, AC activity was increased in DRD mice (p<0.05
within 0.01 pM and 0.1 uM). D2DAR-mediated inhibition of forskolin stimulated-AC activity
was assessed with quinpirole. AC activity in DRD mice was significantly higher, overall, in
this experiment (Fig. 23C; p<0.01), and there was a significant difference between normal

and DRD mice in response to 10 uM quinpirole (p<0.05).



Table 3: gRT-PCR for DA receptors.

D1 DA receptor D2 DA receptor D3 DA receptor
Striatum
Normal 6.1+0.3 58+0.3 12.2+0.4
DRD 54+04 51+05 12.3+0.7
Midbrain
Normal not tested 59+0.3 not tested
DRD 56+0.2

108

Tissue mRNA abundance was determined with gRT-PCR and normalized to 18s rRNA

(n=8/genotype). No difference between genotypes was observed for any mRNA (p>0.1,

Student’s t tests for each measure). Values represent mean + SEM.

Table 4: DA receptor binding.
[BH]SCH 23390 [H]spiperone
Bmax (fMol/img) Ky (NM) Bimax Ky
Normal 62.0 +12.0 1.4+0.6 12.9+44  026+0.1
DRD 62.4+3.3 1.6+0.1 13.1+40 02201

Striatal densities (Bmax) and affinities (Kq) of D1IDARs and D2DARs were determined using

[*H]SCH 23390 and [*H]spiperone, respectively (n=6/genotype). No differences between

genotypes were observed in D1DAR or D2DAR density or affinity (p>0.1, Student’s t tests

for each measure). Values represent mean = SEM.
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Figure 23: Ex vivo striatal AC activity. AC activity in striatal tissue homogenates from DRD and
normal mice (n=4-5/genotype and condition). (A) Baseline AC activity was measured with 100 nM
forskolin stimulation. There was a trend towards increased baseline AC in DRD mice (Student’s t
test; p=0.086). (B) There was a significant effect of genotype on SKF 81297-induced AC activity
(F1,24=14.6, two-way ANOVA; p<0.001, Holm Sidak post hoc analysis) with increased activity in
DRD mice at 0.01 uM (p<0.05; Holm Sidak post hoc analysis) and 0.1 uM (p<0.05; Holm Sidak
post hoc analysis). (F) There was a significant effect of genotype on quinpirole-induced suppression
of AC activity (F1,23=14.6, two-way ANOVA, p<0.01, Holm Sidak post hoc analysis) with a significant
difference between normal and DRD mice in response to 10 pM quinpirole (p<0.05; Holm Sidak

post hoc analysis). Values represent mean + SEM; *p<0.05.



110

Discussion

In this chapter, we examined DA receptor responses in the DRD mice. We show that
antagonism of either D1DAR or D2DAR worsened the dystonic movements. Conversely,
agonism of either D1DAR or D2DAR alleviated these symptoms. Further examination
revealed that DA receptor responses were abnormal in DRD mice. D1DARs were
functionally supersensitive, whereas D2DAR responses were blunted or altered in
valence. Further, the cataleptic response to DA receptor antagonism was blunted. These
changes were not accompanied by any changes in DA receptor expression, binding, or

affinity, though changes in second messenger responses were observed.

Here we show, through DA receptor subtype-specific challenges, that diminished
signaling through DA receptors contributes to the dystonic movements of DRD mice.
These results are consistent with our findings in chapter 3 that established the association
between reduced DA turnover and dystonic movements in DRD mice. Human
neuroimaging and animal model data have previously illustrated associations between
diminished DA receptor signaling and dystonia (Perlmutter et al., 1997, Asanuma et al.,
2005, Zhang et al., 2012). In those studies, however, DA receptor abundance is lowered,
while such is not the case in DRD mice. Further, these data not only illustrate an
association, but they also show that acute antagonism of DA receptors can cause dystonic

movement.

That antagonism of either DIDAR or D2DAR causes dystonic movements in DRD
mice is somewhat surprising. Expression of D1IDAR and D2DARs is confined to different
subtypes of MSNs, and those subtypes give rise to different, functionally opposing, basal
ganglia circuits (Alexander et al., 1986, Gerfen et al., 1990, DeLong and Wichmann,
2009). Thus, one might hypothesize that dystonia arises from the dysregulation of one DA

receptor, but not the other. Because activation of D2DARs inhibits movement-suppressing
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indirect pathway MSNs, a D2DAR hypofunction hypothesis for dystonia has been posited
and is backed by clinical evidence (Todd and Perlmutter, 1998). For one, reduced striatal
D2DAR binding is observed in idiopathic dystonias (Hierholzer et al., 1994, Naumann et
al., 1998, Horie et al., 2009) and DYT1 dystonia (Asanuma et al., 2005). Reduced D2DAR
binding is associated with dystonia in MPTP-treated monkeys (Perlmutter et al., 1997).
Further, acute dystonia can occur from neuroleptics, which antagonize D2DARs (Mehta
et al., 2015). More recently, however, evidence for DIDAR involvement in dystonia has
been found. In certain patients, dystonia is caused by loss-of-function mutations in GNAL
(Fuchs etal., 2013, Vemula et al., 2013). GNAL encodes the Gasor Subunit that transduces
D1DAR signaling in MSNs (Zhuang et al.,, 2000), therefore these patients are
hypothesized to exhibit diminished D1DAR signaling. Thus, in humans, a reduction in both

D1DAR and D2DAR function is associated with dystonia, consistent with DRD mice.

Not only are both D1DAR and D2DARs involved in the dystonic movements of
DRD mice, they appear to serve redundant roles for this behavior. Similarly, in normal
rodents, D1DAR or D2DAR antagonism induces catalepsy (Snyder et al., 1970, Zetler,
1975, Sanberg, 1980, Morelli and Di Chiara, 1985). Stated another way, antagonism of
only one of the DA receptor subtypes is necessary to induce catalepsy. The same
relationship between DA receptor antagonism and dystonic movement appears to exist in
DRD mice. It is interesting to note, however, that DA receptor antagonism in DRD mice
causes only mild catalepsy, co-expressed with dystonia. Adaptive, functional changes to
DA receptors, possibly occurring during development, may ultimately be the mechanism
that shifts the response to DA receptor antagonism from catalepsy to dystonia in DRD

mice.

Indeed, we show functional changes to DA receptor signaling in the form of altered

locomotor and ex vivo second messenger responses to DA receptor agonism in DRD
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mice. We show D1DAR supersensitivity in DRD mice with a leftward shift in the locomotor
dose response to SKF 81297 and an increase in ex vivo SKF 81297-induced AC activity
in DRD mice. These results are in agreement with findings from other early-life DA
depletion models like DA deficient mice (Kim et al., 2000) and neonatal 6-OHDA-lesioned
rats (Breese et al., 1984a). Since low dose D1DAR agonism reduces dystonic movement
and causes hyperlocomotion in DRD mice, D1DAR supersensitivity may actually be
adaptive for the DRD mice. D1DAR supersensitivity may help preserve locomotor activity
in the DRD mice and prevent a more severe dystonic phenotype, though further
experimentation will be needed to determine the precise role for D1IDAR supersensitivity

in the motor phenotype of DRD mice.

In adult 6-OHDA-lesioned rodents, repeated administration of L-DOPA causes
LIDs (Picconi et al., 2003). Interestingly, despite the fact that both the LID model and DRD
mice exhibit D1DAR supersensitivity (Corvol et al., 2004), D1DAR agonists induce
abnormal movements in the LID model (Westin et al., 2007), while they reduce dystonia
in DRD mice. It will be interesting to compare changes in the signaling cascades
downstream of D1DARSs, such as DARPP-32-ERK1/2-AFosB signaling, which have been
implicated in LIDs (Andersson et al., 1999, Santini et al., 2007). Differences in these
downstream processes between DRD mice and the LID model may reveal important

differences between LIDs and dystonia.

Along with changes to D1DAR, we also show changes in D2DAR responses in
DRD mice. While D2DAR agonism with quinpirole eliminated dystonic movements, it had
minimal effect on locomotion or second messenger signaling in the DRD mice. Further,
quinpirole actually induced stereotypic behaviors in DRD mice, while reducing them in
normal mice. Because of the promiscuous expression of D2DARS in striatum, it is difficult

to ascribe a specific neural mechanism to these altered responses, although D2-
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autoreceptor-mediated effects in DRD mice likely play some role. Quinpirole-induced
activation of D2-autoreceptors, which reduces extracellular DA concentrations in normal
animals (Linthorst et al.,, 1990), likely has a minimal effect on extracellular DA
concentration in DRD mice, where extracellular DA concentrations are already very low.
Thus, D2-autoreceptor activation by quinpirole has a minimal locomotor-suppressing
effect in DRD mice. Still, though, some of the locomotor-suppressing effect of quinpirole
in normal mice comes from D2DARs expressed on non-dopaminergic cell-types, as mice
that lack D2-autoreceptors also exhibit a reduction in locomotion from quinpirole
(Anzalone et al., 2012). Thus, that the DRD mice do not exhibit locomotor suppression
from quinpirole is consistent with blunted D2DAR-mediated responses in MSNs and the
other non-dopaminergic cell-types in striatum. Specifically, net behavioral and second
messenger responses are consistent with a blunting of D2DAR-mediated inhibition of AC.
Indeed, we saw a trend for increased baseline AC activity in the DRD mice, which may
contribute. Alternatively, changes to Ga; activation, or changes in Barrestin2-mediated
desensitization (Ferguson et al., 1996), all could contribute to the D2DAR hypofunction

we observed.

Taken together with the D1DAR data, our data argue that the residual pool of DA
in DRD mice signals through altered DA receptors. D1DARs are supersensitive, whereas
D2DARs are hypofunctional or altered in valence. Imbalanced striatal signaling has long
been hypothesized to be a central pathology of dystonia (Todd and Perimutter, 1998,
Mink, 2003, Crittenden and Graybiel, 2011). Though it may be tempting to interpret that
the dystonic movement from DRD mice results from imbalanced DA receptor-mediated
responses, this explanation may be too simplistic. For one, if dystonic movements were
caused by DA receptor subtype imbalance, agonism of one DA receptor subtype should

worsen the dystonic movements of DRD mice. In fact, both DADAR and D2DAR agonism
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alleviate the dystonic movements. A more realistic explanation would be that diminished
signaling through both DA receptor subtypes mediates the dystonic movements, but
distinct changes to D1DAR and D2DAR signaling contribute to striatal circuit dysfunction
as a whole. Further work will be needed to understand how striatal circuitry, and the motor
network as a whole integrate D1DAR and D2DAR-mediated signals and how that

dysfunction generates dystonic movement.
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Chapter 5: General Discussion

DRD mice: contribution to the field

Animal models of neurological diseases play an important role in preclinical research. For
disorders like dystonia, where neuropathology provides sparse clues, animal models are
essential tools for understanding the pathomechanisms that cause the disorder. Animal
models of dystonia are typically classified as either etiological or symptomatic (Jinnah et
al., 2005, Wilson and Hess, 2013). In the last decade, several mouse lines have been
engineered as etiological models of dystonia. Most notably, various mouse strains
mimicking DYT1 dystonia have been extensively characterized (Dang et al.,, 2005,
Goodchild et al., 2005, Dang et al., 2006, Zhao et al., 2008). Studies with these mice have
largely focused on working forward from genetic etiology towards uncovering cellular
abnormalities in relevant cell-types (Pisani et al., 2006, Zhang et al., 2011, Song et al.,
2013, Song et al., 2014). For example, DYT1 knockin mice have been instrumental in
illustrating that mutant torsinA causes nuclear envelope abnormalities (Goodchild et al.,
2005). How these abnormalities relate to the expression of dystonia in humans has been
guestioned because the DYT1 mutant mice do not exhibit dystonic movements (Dang et

al., 2005, Sharma et al., 2005, Dang et al., 2006).

On the other hand, there are several symptomatic animal models of dystonia.
These animals exhibit dystonic movements, without precisely mimicking an etiology
shown to cause dystonia in humans. Symptomatic models have been studied for longer
than engineered mouse lines and include both pharmacological and spontaneous mutant
animals (Wahnschaffe et al., 1990, LeDoux et al., 1993, Campbell and Hess, 1998, Pizoli
etal., 2002). Studies with these models typically work backward from phenotype to identify
the anatomical and physiological substrates of the behavioral presentation. For one, mice

injected with a low dose of kainic acid in the cerebellar vermis exhibit dystonia. These
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mice have been instrumental in illustrating that the cerebellum is integral in the induction
of dystonic movements (Pizoli et al., 2002). Further, this model has been integral in
defining dystonia as a motor network disorder that involves important interactions between
several brain regions (Neychev et al., 2008). Such models have their limitations as surgical
application of kainic acid to cerebellum has little relation to the kinds of etiologies seen in
a movement disorders clinic. Taken together, both etiological and symptomatic models of

dystonia have utility, but also carry important limitations.

DRD mice are a rare example in the dystonia field of an engineered, etiological
model that has a symptomatic presentation resembling that of the human disorder. Stated
another way, the DRD mice exhibit construct validity, in that they are designed to mimic a
cause of dystonia in humans. They also exhibit face validity, in that they display a motor
syndrome similar in appearance to humans with DRD. Lastly, though not directly related
to the discussion here, the DRD mice also exhibit predictive therapeutic validity; L-DOPA
and THP, two drugs used to treat DRD in humans, show therapeutic efficacy in these
mice. Thus, studies may be designed to work forward from etiology and backward from
presentation, with the ultimate goal of understanding the neural mechanisms of the

disorder. In the work presented here, we applied both approaches to the DRD mice.

Our neurochemical and anatomical characterization is a good example of the
“forward” approach. We applied what’s known about TH, catecholamines, and nigrostriatal
anatomy to characterize the in vivo effects of the dystonia-causing mutation on these
specific systems. We showed that the p.382Q>K mutation in TH causes regionally
selective reductions in TH activity without causing dopaminergic degeneration. We also
applied the “backward” approach for several studies. For example, we examined the
contribution of DA receptor subtypes to the dystonic movements in DRD mice with

pharmacological challenges during behavioral examination. We showed that both DA
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receptors display altered responses to agonists and play a role in the dystonic movements
of DRD mice. Future studies can apply either approach to other specific questions.
Further, investigators can apply both approaches congruently, designing complimentary
experiments that work both forward from etiology and backwards from phenotype in the
DRD mice. Such studies could present convincing evidence as they would likely illustrate

parallel physiological and behavioral outcomes.

Another potential approach with the DRD mice is one that integrates data from
several animal models. We show that the DRD mice have altered striatal synaptic circuitry,
whereby the ratio of axo-spinous synapses to axo-dendritic synapses is halved. A similar
result was shown recently in DYT1 knockin mice (Song et al., 2013). Future studies could
integrate the DRD mice with several other animal models where the goal is to find similar
pathomechanisms at play. Such studies would be in keeping with recent discussions in
the field about etiological heterogeneity and convergent mechanisms in dystonia (Bragg
etal., 2011, Thompson et al., 2011, Ledoux et al., 2013). Thus, DRD mice would fill a role
where they represent dystonias caused by reduced dopaminergic transmission, whereas
other models would represent other etiologies. The ultimate goal of such studies would be
to determine how disparate etiologies converge to cause a similar phenotypic
presentation. Thus, the DRD mice were not generated to be, nor are they now presented
as a “gold standard” dystonia model. Rather, going forward, they should be considered a

useful model for the dystonia field, albeit with more utility than many of the other models.

Dystonia vs. parkinsonism

The data presented here are interesting in the context of understanding pathomechanisms
that distinguish dystonia from parkinsonism. In terms of outward appearance, dystonia
and parkinsonism are markedly different. Dystonia manifests as involuntary overactivity of

certain muscle groups, whereas parkinsonism manifests as hypokinesia, bradykinesia,



118

and rigidity. Nevertheless, several of the same etiologies cause both dystonia and
parkinsonism. For one, patients with PD often presents with a dystonic foot as their initial
symptom (Tolosa and Compta, 2006). Further, several genetic disorders cause both
dystonia and parkinsonism, sometimes co-occurring in the same patient. These include
not only monoaminergic disorders like TH and GCH deficiency (Kurian et al., 2011), but
also X-linked dystonia-parkinsonism (Rosales, 2010) and rapid onset dystonia-
parkinsonism (de Carvalho Aguiar et al., 2004), to name a few. Further, DBS of the GPi is
effective for alleviating both parkinsonian and dystonic movements in patients with those
disorders (DeLong and Wichmann, 2001, Ostrem and Starr, 2008, Wadia et al., 2010).
Thus, basal ganglia pathophysiology causes both types of abnormal movement, though
the precise pathophysiologies downstream of DA loss likely differ between dystonia and
parkinsonism. The DRD mice may be useful for distinguishing these pathophysiologies
because individual DRD mice exhibit both dystonic and parkinsonian symptoms, although
the parkinsonian symptoms are milder. For instance, one could examine neuronal activity
in specific basal ganglia nuclei during dystonic movement, during a parkinsonian-like
behavior such as catalepsy, and during normal movement, and compare the three. Such
work would not only shed light on these pathomechanisms, but also provide tremendous

insight into the normal functioning of basal ganglia.

Still, though, the work presented here, in conjunction with data from other animal
models and dystonic patients, provides clues about the mechanisms through which
reduced striatal DA neurotransmission causes a phenotype characterized by prominent
dystonia and mild parkinsonism. Specifically, these findings suggest that both the timing
and extent of striatal dopaminergic insults are key determining factors for the development
of dystonia versus parkinsonism. In DRD mice, the fact that the dopaminergic insult occurs

during the development of the motor system appears to be key. Similarly, the age of onset
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is an important factor in humans with GCH1 deficiency. The typical age of onset for DRD
from GCH1 deficiency is 10 years old, but patients who have an age of onset over 20
years old often present with parkinsonian symptoms (Tadic et al.,, 2012). In PD, the
average age of onsetis 62, but in some rare cases symptoms can appear before 45. Sixty
percent of those early onset cases present with dystonia (Wickremaratchi et al., 2011).
Another relevant comparison can be made between rats undergoing 6-OHDA lesion as
adults versus as neonates. Adult rats given severe bilateral 6-OHDA lesion of nigrostriatal
projections exhibit a parkinsonian phenotype, whereas neonates lesioned with 6-OHDA
intracisternally (but with a similar effect on DA concentration as adults) exhibit
hyperactivity (Ungerstedt, 1971a, Shaywitz et al., 1976, Breese et al., 1984a). Taken
together, DA depletion likely interacts with plastic processes in the brain, which are more
prominent during development and young adulthood, to produce a specific motor
phenotype. One explanation is that parkinsonism is the “default” phenotype of striatal DA
depletion, whereas dystonia, hyperactivity and other phenotypes result from DA depletion
plus plastic processes that occur in the young brain. Alternatively, parkinsonism and
dystonia may result from different plastic processes, with parkinsonian plasticity more
common in the aged brain. This hypothesis is supported by the observation that DRD

patients develop more parkinsonian symptoms as they age (Trender-Gerhard et al., 2009).

The extent of DA depletion also appears to be important. The spectrum of
phenotypes exhibited by DA deficient mice, DRD mice, and pts-/-; DPS mice argue that
dystonia is associated with a specific level of DA depletion (Zhou and Palmiter, 1995,
Sumi-Ichinose et al., 2005). This has been suggested to occur in humans with TH and
GCH1 mutations, where subtle GCH1 mutations are associated with no movement
disorder (Clot et al., 2009), intermediate GCH1 and TH mutations are associated with

DRD, and more severe mutations in both genes are associated with a parkinsonism
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(Horvath et al., 2008, Zafeiriou et al., 2009). This has also been shown in MPTP-treated
primates, where dystonia correlates with an intermediate phase of dopaminergic
degeneration, prior to parkinsonian symptom output (Perlmutter et al., 1997). Further, the
dystonic foot in early PD, likely at a moderate stage of dopaminergic degeneration, also
supports this idea. Thus, clinical and animal model data indicate that dystonia is
associated with DA concentrations intermediate of normal and parkinsonism-associated
concentrations. The scale may differ between rodents and primates, however. The data
from the DRD mice argue that dystonia in rodents is associated with striatal DA
concentrations ~1% of normal, whereas concentrations are reported to be ~15% of normal
in GCH1 deficiency patients with a typical DRD presentation (Rajput et al., 1994,

Furukawa et al., 1999).

DA receptor mechanisms specific to dystonia

The above data argue that the timing and extent of DA loss interact with downstream
plastic, adaptive processes in the induction of dystonic movement. What are those
adaptive processes? Our findings show altered DA receptor responses in DRD mice. The
D1DAR supersensitivity shown here in DRD mice is also observed in parkinsonian models
(Ungerstedt, 1971b), although work in neonatal 6-OHDA-lesioned rats suggests that
D1DAR supersensitivity is more profound after developmental DA loss (Breese et al.,
1985). We show blunted D2DAR responses in DRD mice in the form of locomotor
responses to D2DAR agonism. On the other hand, D2DAR supersensitivity is observed in
parkinsonian models in the form of electrophysiological responses to D2DAR agonism
(Calabresi et al., 1993, Kostrzewa, 1995, Prieto et al., 2009). Side-by-side comparison of
the DRD mice with an appropriate parkinsonian model, similar to the comparisons
performed by Breese and colleagues (Breese et al., 1985), will be needed to fully elucidate

the specificity of the abnormal D2DAR responses to DRD mice. However, they are
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suggestive that different adaptive changes to D2DAR signaling are important for

distinguishing dystonia from parkinsonism.

Future directions

Herein lies the value of the DRD mice going forward. They can be used not only for finding
pathophysiology that distinguishes dystonia from parkinsonism, but also in finding
treatment strategies that can be applied to several different dystonias. That both patients
with DRD and the DRD mice are rare cases where dystonia is L-DOPA-responsive can
mislead investigators into concluding that neither is very useful for predictive studies that
have broad application. Instead, investigators can use this L-DOPA response as a lead
toward treatment strategies more applicable to broader patient groups. Correcting a
specific deficit, like the blunted D2DAR signaling, may be more effective than applying an
indirect agonist like L-DOPA, especially in dystonia cases where DA synthesis is
unaffected. Indeed, there are case reports for direct DA receptor agonism being effective
for L-DOPA-nonresponsive dystonia cases (Zuddas et al., 1996). Work clarifying the role
for dysfunctional DA receptor signaling could better guide how direct DA receptor agonism

should be used for dystonia.

For example, the contribution of blunted D2DAR signaling to the phenotype of DRD
mice could be elucidated using transgenetic techniques. To test the hypothesis that the
dystonic movement arises from blunted D2DAR signaling, the DRD mice could be crossed
with mice designed to overexpress D2DAR, generated by Kellendonk and collegues
(Kellendonk et al., 2006). If the dystonic phenotype was blunted in these double mutants,
then one could reasonably conclude that blunted D2DAR signaling plays a major role in
the dystonic phenotype of DRD mice. The next phase of this effort would be to determine
which cell-types were necessary for this effect. To assess this, one could use viral vectors

to overexpress D2DAR in specific striatal cell-types. For example, if the hypothesis was
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that blunted D2DAR signaling in D2DAR-expressing MSNs is necessary for the
expression of the dystonic movement, one could generate a virus containing D2DAR
driven by a promoter found only in MSNs, like the promotor for the A2A adenosine receptor
(Urs et al., 2012). If MSN-specific D2DAR overexpression were sufficient in reducing the
dystonic movements of DRD mice, then future focus could be placed on intracellular
signaling specific to MSNs. Using emerging knowledge on biased D2DAR signaling in
MSNs (Brust et al., 2015, Peterson et al., 2015), one could screen D2DAR agonists with
bias toward Gai-mediated signaling or B-arrestin2-mediated signaling. Results from these
experiments could be combined with ex vivo biochemistry that characterizes whether
these signaling pathways are perturbed in DRD mice. All of this work would hopefully
illustrate a specific, correctable signaling deficit that could guide the use of specific D2DAR

agonists for several different dystonias.

That is not to say the sole focus with DRD mice going forward should be on
dopaminergic and basal ganglia mechanisms. Our data showing THP efficacy in the DRD
mice support future studies on muscarinic systems in the mice. Further, it is important to
not rule out other brain regions in the design of future studies. Contributions of the whole
motor network to the phenotype of the DRD mice needs to be considered. Though the
data here clearly implicate striatal DA loss as an essential instigator of the dystonic
movement of DRD mice, they do not rule out more global motor network dysfunction in
the mice (Prudente et al.,, 2014). Restoration of normal DA signaling may merely be
masking abnormal communication between several brain regions essential for normal
movement. Thus, the challenge going forward will be to integrate DRD mice into several
lines of both basic science and clinical research. They will hopefully serve a vital role for
both understanding the phenomenology of this fascinating disorder as well as in

developing treatments to stop it.
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