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Rapid-onset dystonia-parkinsonism (RDP) and restless legs syndrome (RLS) are 

two neurological movement disorders that are severely understudied. Patients with RDP 

exhibit the symptoms of dystonia and Parkinson’s disease. However, patients will not 

present with symptoms until triggered by a physiological stressor, and generally do not 

remit from there. In RLS, patients present with an uncontrollable urge to move at night 

or at rest, which is often accompanied by unpleasant sensations in the legs.  

In the first aim of this research, we characterized the first genotypic mouse model 

of rapid-onset dystonia-parkinsonism using heterozygous Atp1a3 knockout mice. We 

demonstrated that these mice, like RDP patients, exhibit no motor deficits prior to a 

strong physiological stressor. However, post-stress, female mice display alterations in 

locomotor activity, motor performance, and perception of warm stimuli. 

In the second aim of this research, we generated and characterized the first 

potential genotypic model of restless legs syndrome using homozygous Btbd9 knockout 

mice. We developed a battery of experiments to test these mice, and found motor 

restlessness, alterations in sleep architecture, changes in perception to warm stimuli, 

and dysfunction in iron homeostasis in the mice. Furthermore, we found that the Btbd9 
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knockout mice responded to a common treatment in RLS patients, ropinirole, and 

rescued the sensory deficits. 

Finally, in the third aim of this research, we utilized the Btbd9 knockout mice to 

probe the natural function of the Btbd9 protein. Little is currently known about this 

protein. We found that mice deficient in Btbd9 exhibit altered neurotransmission and 

synaptic plasticity, with a consequential effect on learning and memory. 

Overall, we put forth that the heterozygous Atp1a3 and homozygous Btbd9 

knockout animals model their respective diseases well, and represent the first two 

genotypic models. Furthermore, the comprehensive battery of tests that we developed 

can be used on future potential animal models. Lastly, these studies provide a launch 

pad for numerous studies, and several of these are discussed. Most importantly, these 

mouse models can be used in future studies to elucidate the pathophysiology of their 

associated diseases and develop novel therapeutics to treat patients.  
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CHAPTER 1 
INTRODUCTION 

Animal Models 

From yeast to non-human primates, animal models are invaluable tools in 

scientific research to discern pathophysiology and develop novel therapeutics. 

Investigators primarily use rodents, in particular mice and rats, due to their nearly 

homologous genome to humans, similar physiology, and short generation period 

(Capecchi, 1994; Hall et al., 2009). With advances in genetic technology, animal models 

are often developed to model diseases based on a known causative or associated 

gene. In the late 1980s, two independent groups generated the first genetic knockout 

mice (Mansour et al., 1988; Schwartzberg et al., 1989). Global efforts are underway to 

generate a knockout mouse of every gene in the mouse genome, with approximately 

11,000 genes knocked out to date (Grimm, 2006; White et al., 2013).  

The two main methods used to generate knockout mice are gene targeting and 

gene trapping. In the gene targeting method, an artificial DNA vector is designed based 

on a genomic region of interest. However, the targeting vector contains mutations in the 

genetic sequence that can be used to effectively silence the gene. This targeting vector 

is inserted into embryonic stem (ES) cells, e.g. by electroporation, and will align itself 

with the homologous genomic region. Using the natural DNA repair mechanism in ES 

cells, in particular the proteins associated with homologous recombination, the targeting 

vector will replace the normal genomic region in a small percentage of ES cells. In the 

case of gene trapping, investigators insert a targeting vector into the promoter, an exon, 

or an intron of a gene at random. In general, this vector consists of a reporter gene to 

map the endogenous gene expression, a selection gene to isolate successfully targeted 
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ES cells, and a polyadenylation (pA) signal sequence to terminate the transcription of 

the gene prematurely. After insertion, investigators can identify which gene the targeting 

vector randomly inserted into using polymerase chain reaction (PCR) techniques. 

We studied two new potential models of rapid-onset dystonia-parkinsonism and 

restless legs syndrome using knockout mice. The first knockout mouse was developed 

by gene targeting, while the second was developed by gene trapping. In this 

dissertation, we will discuss the current knowledge base of these two diseases, the 

characterization of the knockout mice, and what we learned from them. 

Rapid-Onset Dystonia-Parkinsonism 

Clinical Features and Classification 

The definition of dystonia has evolved over time, but most recently it is defined as 

sustained or repetitive contractions that cause abnormal or repetitive movements 

(Albanese et al., 2013). A recent coalition of dystonia clinicians and researchers 

suggested a new standard method of classifying dystonia based on two axes: clinical 

characteristics and etiology (Albanese et al., 2013). The clinical characteristics include 

the age of onset (e.g. infancy, adolescence, late adulthood), the distribution of the 

symptoms in the body (e.g. focal, generalized), temporal pattern, and associated 

features (e.g. myoclonus or parkinsonism). The etiology characteristics assess what is 

the origin of the disease, such as neurodegeneration, genetics, or another disease. To 

date, there are at least 22 forms of inherited, monogenic dystonias (Lohmann and Klein, 

2013). These monogenic dystonias are often referred to as “DYT” followed by a number 

indicating the order in which it was first described. For instance, Oppenheim’s dystonia 

is commonly referred to as DYT1 dystonia, and dystonia caused by mutations in GNAL 

are referred to as DYT25 dystonia.  
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The symptoms of dystonia and Parkinson’s disease can occur together in the 

same patient. For example, rapid-onset dystonia-parkinsonism (RDP), also known as 

DYT12 dystonia, is a rare form of generalized, primary dystonia with Parkinson’s 

disease features. RDP patients do not present with any dystonic or parkinsonian 

symptoms until triggered by a physiological stressor (e.g. fever, alcoholism, traumatic 

brain injury), typically in late adolescence or early adulthood (Dobyns et al., 1993; 

Brashear et al., 1997). After this trigger, symptoms appear minutes to days later and are 

permanent thereafter (Dobyns et al., 1993). Symptoms first affect the face, then the 

arms, and finally the legs, which is commonly referred to as a rostrocaudal gradient 

(Brashear et al., 2007). 

Parkinson’s disease is another neurological movement disorder characterized by 

four hallmark features: resting tremors, akinesia, slowness of movement, and postural 

instability (Jankovic, 2008). The majority of patients are over the age of 50 and have 

Parkinson’s disease without a specific known cause (Jankovic, 2008). However, 5-10% 

of patients involve an identified genetic component, which usually results in Parkinson’s 

disease earlier in life. Generally, both forms of Parkinson’s disease result in 

neurodegeneration of dopaminergic neurons in the substantia nigra, which causes the 

motor symptoms.  

Dopaminergic System in Dystonia 

Similar to other dystonias, investigators hypothesize that alterations in the 

dopaminergic system underlie the pathophysiological basis of RDP (Brashear et al., 

                                            
 Reproduced with permission from DeAndrade MP, Yokoi F, van Groen T, Lingrel JB, Li 
Y (2011) Characterization of Atp1a3 mutant mice as a model of rapid-onset dystonia 
with parkinsonism. Behavioural Brain Research 216:659-665. 
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1998a; Brashear et al., 1998b). However, unlike Parkinson’s disease, dopaminergic 

neurons do not undergo neurodegeneration in the substantia nigra (Muller et al., 2002). 

Additionally, dopaminergic treatments, such as L-DOPA or carbidopa, offer little, if any, 

symptomatic relief (Brashear et al., 2007; Svetel et al., 2010). In a small clinical study, 

analysis of cerebrospinal fluid (CSF) revealed decreased levels of homovanillic acid 

(HVA), a metabolite of dopamine, in severe RDP patients and some asymptomatic 

ATP1A3 mutation carriers (Brashear et al., 1998a). However, the level of HVA in 

patients did not correlate with severity of the disease or predict response to treatment 

(Brashear et al., 1998a). This is similar to HVA levels in Parkinson’s disease (LeWitt et 

al., 1992). A follow-up study analyzed whether neurodegeneration of dopaminergic 

neurons terminating in the striatum or decreased dopamine re-uptake by dopamine 

transporter (DAT) was responsible for this altered level of HVA. The investigators 

utilized [11C] 2-β-carbometoxy-3-β-(4-fluorophenyl) tropane, also known as [11C] β-CFT 

or [11C] WIN 35,428, in positron emission tomography (PET) of patients with RDP and 

idiopathic Parkinson’s disease (Brashear et al., 1999). [11C] β-CFT is a structural 

derivative of cocaine used in PET imaging to assess indirectly the function and level of 

DAT in patients. Parkinson’s disease patients exhibited a significant decrease in the 

volume of striatal [11C] β-CFT compared to age-matched controls (Brashear et al., 

1999). However, RDP patients displayed no observable difference, with a note of their 

being an increased level of [11C] β-CFT in the caudate of RDP patients compared to 

controls, but not reaching significance perhaps due to the small sample size (Brashear 

et al., 1999).  
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These data suggest that there is a subtle dopaminergic system abnormality in 

RDP patients that should be investigated further. However, there is a critical problem 

plaguing RDP patient studies. As RDP is a rare type of dystonia, the number of patients 

available to study is small, and therefore large, well-powered studies cannot be 

conducted. 

Genetics of Rapid-Onset Dystonia-Parkinsonism 

RDP is inherited in an autosomal dominant fashion with reduced penetrance (de 

Carvalho Aguiar et al., 2004). The causative gene of RDP is ATP1A3 (de Carvalho 

Aguiar et al., 2004; Brashear et al., 2007). ATP1A3 encodes the α3 subunit of the 

Na+/K+-ATPase, which regulates the electrochemical gradients of sodium (Na+) and 

potassium (K+) ions through active transport. These ions are essential for numerous 

cellular functions including regulation of cellular osmolarity and action potentials of 

excitable membranes (Dobretsov and Stimers, 2005). The α3 subunit is one of four α 

isoforms that serve as the catalytic component of the Na+/K+-ATPase by hydrolyzing 

adenosine triphosphate (ATP) to adenosine diphosphate (ADP) (Lingrel and 

Kuntzweiler, 1994), and is exclusively expressed in neurons and cardiac muscle cells 

(Lingrel et al., 2007). Investigations identified seven missense mutations in ATP1A3 as 

causing RDP (Brashear et al., 2007; Zanotti-Fregonara et al., 2008). Studies showed six 

of these mutations impair the activity or stability of the α3 subunit in cultured cells (de 

Carvalho Aguiar et al., 2004). This suggests that these missense mutations lead to a 

reduction or loss-of-function, which results in haploinsufficiency of the Na+/K+-ATPase in 

neurons and cardiac cells (de Carvalho Aguiar et al., 2004). This haploinsufficiency of 

the Na+/K+-ATPase potentially exacerbates the cellular response to a physiological 
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stressor in RDP patients, similar to stress induced channelopathies such as myasthenia 

gravis or chronic fatigue syndrome (Cannon, 2006; Breakefield et al., 2008). 

Alternating Hemiplegia in Childhood and Rapid-Onset Dystonia-Parkinsonism 

Recent evidence suggests that mutations in ATP1A3 can also cause alternating 

hemiplegia of childhood (AHC) (Heinzen et al., 2012; Rosewich et al., 2012; Ishii et al., 

2013; Sasaki et al., 2014b). AHC is a neurological disorder affecting children generally 

younger than 18 months of age with bouts of paralysis, dystonia, and abnormal ocular 

movements (Heinzen et al., 2012; Brashear et al., 2014). Patients can also present with 

cognitive impairment and developmental retardation. Recently, several leading 

clinicians and scientists hypothesized that RDP and AHC are a spectral disorder, with 

RDP and AHC representing the extremes (Heinzen et al., 2012; Ozelius, 2012; 

Rosewich et al., 2012; Ishii et al., 2013). A study supporting this hypothesis reported a 

patient with an intermediate form of RDP and AHC. The patient at first experienced 

flaccid hemiparalysis, followed by frequent hemiplegic dystonic attacks possibly 

triggered by a high fever and/or emotional excitement. Genetic screening revealed a 

missense mutation in ATP1A3 , reported previously in RDP and atypical AHC patients 

(Sasaki et al., 2014a). 

Restless Legs Syndrome 

Clinical Features, Prevalence, and Comorbidities 

Restless legs syndrome (RLS), also known as Willis-Ekbom disease (WED), is a 

common neurological disorder with motor, sensory, and circadian components. RLS is 

characterized by an uncontrollable urge to move the legs for relief, and is often 

accompanied by unpleasant sensations in the legs. Patients typically present with these 

symptoms during rest or at night (Walters, 1995; Trenkwalder et al., 2005; Budhiraja et 
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al., 2012; Kerr et al., 2012). However, a recent study observed breakout symptoms 

during the daytime in moderate to severe RLS patients (Tzonova et al., 2012). RLS 

affects approximately 3 to 10% of the general population, with an increased risk towards 

women than men (Trenkwalder et al., 2005). The symptoms of RLS often lead to sleep 

disturbances, and can severely affect the patient’s daytime function and quality of life 

(Abetz et al., 2004).  

Several studies show an association between RLS and other conditions, 

including neurological diseases such as Parkinson disease (Peeraully and Tan, 2012), 

dystonia (Paus et al., 2011), and attention deficit hyperactivity disorder (ADHD) 

(Cortese et al., 2005; Ming and Walters, 2009); cardiovascular diseases such as 

hypertension (Schlesinger et al., 2009); and metabolic dysfunction such as iron 

deficiency (Haba-Rubio et al., 2005; Connor, 2008) and renal failure (Araujo et al., 

2010; Quinn et al., 2011). 

Dopaminergic System in Restless Legs Syndrome 

The leading hypothesis on the pathogenesis of RLS focuses on the basal ganglia 

and alterations in the central dopaminergic system. The basal ganglia includes the 

striatum (caudate and putamen), subthalamic nucleus, globus pallidus, and substantia 

nigra. The striatum is the first recipient for most inputs to the basal ganglia, including 

excitatory input from all of the cerebral cortex except the primary visual and auditory 

cortices. In addition, the striatum receives inputs from the intralaminar thalamic nuclei 

and substantia nigra. One major projection from the striatum is to the globus pallidus 

pars interna (GPi). These projections use γ-aminobutyric acid (GABA) as an inhibitory 

neurotransmitter and form two pathways, a direct pathway link to the GPi directly and an 

indirect pathway link to the GPi via the globus pallidus pars externa (GPe). The direct 
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pathway mainly expresses the D1 dopamine receptor and is likely involved in the 

facilitation of wanted movement. The indirect pathway, on the other hand, mainly 

expresses the D2 dopamine receptor and is thought to suppress unwanted movement. 

Proper interaction between the direct and indirect pathways leads to the coordinated 

movement of the body. Additionally, the projections from the GPi are the major output 

controlling limb movements. The projections use GABA as an inhibitory 

neurotransmitter and form a major projection to the thalamus that eventually regulates 

the excitability of the motor cortex and other cortical areas involved in movement 

control. 

Most RLS patients respond to dopamine treatment and can be treated with low 

doses of a dopamine agonist (Manconi et al., 2007; Zintzaras et al., 2010). How these 

dopaminergic treatments work and the nature of the dopaminergic system deficit is 

inconclusive, which could potentially be attributed to a heterogeneous RLS study 

population with multiple RLS etiologies and other unaccounted factors. For example, a 

study reported a decrease in 5-HIAA and tetrahydrobiopterin (BH4), an essential 

cofactor for the biosynthesis of the monoamine neurotransmitters, in the cerebrospinal 

fluid (CSF) of RLS patients (Earley et al., 2001). Moreover, another study observed an 

increase in synaptic dopamine in RLS patients (Earley et al., 2013). In contrast, two 

independent studies reported no alterations in the level of dopamine, serotonin, or their 

metabolites in CSF of RLS patients (Stiasny-Kolster et al., 2004b; Earley et al., 2006). 

Other studies reported decreased fluoro-dopa uptake (Turjanski et al., 1999; Ruottinen 

et al., 2000) and D2 receptor binding in RLS patients (Staedt et al., 1997; Turjanski et 

al., 1999; Michaud et al., 2002). Elderly RLS patients exhibited increased levels of 
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dopamine transporter (DAT) (Kim et al., 2012), but other studies on RLS patients did not 

report similar findings (Michaud et al., 2002; Linke et al., 2004).  

Additionally, the A11 dopaminergic nucleus of the posterior hypothalamus is 

hypothesized to be involved in RLS patients. Recent evidence suggests that periodic 

limb movements in sleep arise from the spinal cord in RLS patients (Clemens et al., 

2006). Moreover, the A11 nucleus is the primary, if not the only, descending 

dopaminergic innervation to the spinal cord grey matter (Holstege et al., 1996; Earley et 

al., 2009). Rodent lesions of the A11 nucleus, which results in hyperactivity, support its 

role in RLS pathophysiology (Ondo et al., 2000a; Qu et al., 2007; Zhao et al., 2007; Luo 

et al., 2011; Lopes et al., 2012). However, no investigator has reported observations of 

neurodegeneration or gross abnormalities in the A11 nucleus in RLS patients to date 

(Earley et al., 2009). Nonetheless, subtle alterations in the A11 nucleus could exist that 

have yet to be elucidated.  

Lastly, in addition to the regulation of movement in the basal ganglia, the balance 

between D1 and D2 dopamine receptor activation in the spinal cord is involved in 

sensory perception and processing. More specifically, D1 dopamine receptor activation 

is associated with pronociceptive effects, and conversely activation of the D2 dopamine 

receptor leads to antinociceptive effects (Ben-Sreti et al., 1983; Rooney and Sewell, 

1989; Zarrindast and Moghaddampour, 1989; Verma and Kulkarni, 1993; Hore et al., 

1997; Zarrindast et al., 1999; Gao et al., 2000). 

Iron Homeostasis in Restless Legs Syndrome 

In addition to dopaminergic dysfunction, several studies demonstrated alterations 

in iron homeostasis in RLS patients (Connor, 2008). MRI studies revealed less iron in 

the brain of RLS patients than those of controls in the substantia nigra, an iron-enriched 
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area of the brain (Allen et al., 2001). Further studies demonstrated decreased levels of 

ferritin in RLS patients compared to controls in both serum and CSF, which is indicative 

of a systemic iron deficiency (Earley et al., 2000; Mizuno et al., 2005). Additionally, two 

studies demonstrated that intravenous iron administration improves symptoms in some 

RLS patients (Earley et al., 2005; Bhandal and Russell, 2006). Taken together, these 

results point to a deficiency of iron in the brain that could be central to the pathogenesis 

of RLS.  

Iron also appears to regulate the function of the dopaminergic system, thereby 

potentially linking these two hypotheses of the pathogenesis of RLS. Animals fed with a 

low iron diet exhibited lower densities of striatal D1 and D2 dopamine receptor ligand 

bindings compared to controls (Erikson et al., 2001), suggesting a link between iron 

deficiency and hypofunctioning of the dopaminergic system. Additionally, iron is an 

essential cofactor for tyrosine hydroxylase, the rate-limiting step in the production of 

dopamine. 

Genetics of Restless Legs Syndrome 

A family history of RLS appears in approximately 60% of RLS cases 

(Trenkwalder et al., 1996; Walters et al., 1996; Montplaisir et al., 1997; Lazzarini et al., 

1999; Winkelmann et al., 2002). Moreover, studies of 12 identical twin pairs in which 

one or both members have RLS revealed a concordance rate of 83.3%, suggesting a 

high genetic component (b et al., 2000a). Recently, investigators performed two 

independent genome-wide association studies (GWAS) with the aim of identifying 

polymorphisms in genes that are highly associated with RLS. In these studies, single 

nucleotide polymorphisms (SNPs) in MEIS1, MAP2K5, PTPRD, and BTBD9 correlated 

strongly with RLS (Stefansson et al., 2007; Winkelmann et al., 2007). SNPs are single 
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nucleotide variations in the genome that exist naturally within the human population. As 

several investigations observed SNPs in BTBD9 to impart an increased susceptibility to 

RLS, this made BTBD9 an excellent gene to study. 

Goals and Significance 

The overarching goal of this dissertation project is to characterize novel models 

of rapid-onset dystonia-parkinsonism and restless legs syndrome using behavioral, 

electrophysiological, and biochemical techniques. This will fill a large knowledge gap in 

the field. In the first specific aim of this dissertation project, I analyzed a line of 

targeted knockout mice (heterozygous Atp1a3 knockout mice) as a model of rapid-onset 

dystonia-parkinsonism. This aim takes advantage of a previously generated line of mice 

of a well-understood protein, the α3 subunit of the Na+/K+-ATPase. In the second 

specific aim of this project, I analyzed a different line of targeted knockout mice 

(homozygous Btbd9 knockout mice) as a model of restless legs syndrome. We 

generated a novel line of mice from a commercially available embryonic stem cell line, 

with a deficiency in a protein with little known function. In the third specific aim, I used 

the homozygous Btbd9 knockout mice to probe the function of this protein in the 

regulation of synaptic plasticity and neurotransmission and, therefore, its consequence 

on learning and memory. In addition to moving forward the understanding of the 

pathophysiology of rapid-onset dystonia-parkinsonism and restless legs syndrome, 

these three aims lay the groundwork for numerous follow up studies, including some 

later discussed as future directions.
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CHAPTER 2 
MATERIALS AND METHODS 

General Considerations 

 

All experiments were carried out in compliance with the USPHS Guide for Care 

and Use of Laboratory Animals and approved by the Institutional Animal Use and Care 

Committees at the University of Alabama at Birmingham (UAB) and the University of 

Florida (UF). Investigators blind to the genotype of the mice conducted all experiments. 

Animals were housed in a vivarium with a 12 hours light, 12 hours dark cycle with ad 

libitum access to food and water, unless otherwise noted. 

Mice 

Atp1a3 Knockout Mice 

Heterozygous Atp1a3 knockout mice on the C57BL/6 background were bred with 

wild-type C57BL/6 (WT) mice to produce experimental animals. The animals were 

genotyped by PCR as previously described (Moseley et al., 2007). No spontaneous 

seizures were observed in the heterozygous Atp1a3 knockout mice as reported in mice 

carrying another Atp1a3 mutation (Clapcote et al., 2009). We used two cohorts of 

animals in the experiments. The first cohort consisted of 15 WT (9 males and 6 females) 

and 19 heterozygous Atp1a3 knockout mice (9 males and 10 females) with a mean age 

of 7.5 months. We first tested the mice on the beam-walking test. Following the beam-

walking test, we stressed the mice using a restraint stress protocol. After the restraint 

stress exposure, we tested the mice in the following order: beam-walking test, grip 

                                            
 Reproduced and adapted with permission from DeAndrade MP, Yokoi F, van Groen T, 
Lingrel JB, Li Y (2011) Characterization of Atp1a3 mutant mice as a model of rapid-
onset dystonia with parkinsonism. Behavioural Brain Research 216:659-665. 
 



 

29 

strength test, wheel running activity measurement, and tail flick sensory test. Two male 

animals died during the wheel running test for unknown reasons. The second cohort of 

mice consisted of 22 WT (10 males and 12 females) and 15 heterozygous Atp1a3 

mutant mice (7 males and 8 females). For this cohort, we stressed all mice using the 

same restraint stress protocol as the first cohort. Following the restraint stress exposure 

the mice were used in the following order: open field locomotion test, accelerated 

rotarod test, and high performance liquid chromatography (HPLC) measurements of 

monoamines in the striatum. 

Btbd9 Knockout Mice 

We generated a line of Btbd9 knockout mice using a commercially available ES 

cell clone that contained a β-geo gene trap vector within the sixth intron of the Btbd9 

gene (RRE078, BayGenomics). The animals were genotyped by PCR using a two-step 

process. First, a pair of primers was used to specifically detect the gene trap (v1531 – 

5’-GGTCCCAGGTCCCGAAAACCAAAGAAGA-3’ and v1842R – 5’-

ACAGTATCGGCCTCAGGAAGATCGC-3’) along with a pair of primers serving as an 

internal control (10200F – 5’-actctgagatgattaacaagagctcagggctga-3’ and 102200BR – 

5’-agccctcagctcttgttaatcatcta-3’). Second, a pair of primers was used to detect the wild-

type allele, if one was present (102000B – 5’-agatgattaacaagagctgagggct-3’ and 6ERA 

– 5’-tcagccacgtcttctaaatgtaatggtt-3). Heterozygous Btbd9 knockout mice were interbred 

to produce experimental mice. In all experiments adult heterozygous Btbd9 knockout 

mice and/or homozygous Btbd9 knockout mice were used along with WT littermate 

mice as controls. Advanced age in rats (greater than 16 months) has been noted to 

cause sleep-related motor phenomena such as periodic limb movements (Baier et al., 

2002). Therefore, we conducted all of our studies on non-aged, adult mice typical of 
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behavior and molecular experiments. The open field, first tail flick, and serum iron 

analysis were done in mice between the ages of 4 and 6.7 months of age. The second 

tail flick was performed in mice between the ages of 2 and 2.3 months of age. The 

wheel running was performed in mice between the ages of 2.5 and 4.3 months of age. 

The polysomnography was done in mice between the ages of 7.5 and 8.3 months of 

age. The atomic absorption and high performance liquid chromatography were done in 

mice between 9.3 and 10 months of age. We used 16 WT mice and 5 homozygous 

Btbd9 knockout mice for the open field experiment; seven male WT and seven male 

homozygous Btbd9 knockout mice for the wheel running experiment; 16 WT, six 

heterozygous Btbd9 knockout mice, and 5 homozygous Btbd9 knockout mice for the 

first tail flick experiment; three WT and three homozygous Btbd9 knockout mice for the 

polysomnography studies; three WT and 4 homozygous Btbd9 knockout mice for the 

colorimetric iron assays; seven WT and seven homozygous Btbd9 knockout mice for 

the iron and neurochemical measurements in the striatum; 20 WT mice and 15 

homozygous Btbd9 knockout mice for the fear conditioning experiment; 6 WT and 6 

homozygous Btbd9 knockout mice for field recordings; and 3 WT and 2 homozygous 

Btbd9 knockout mice for whole-cell recordings. 

Behavior Paradigms 

Restraint Stress Protocol 

To expose mice to a physiological stressor, mouse movement was constrained 

using a Mouse Decapicone (Braintree Scientific) disposable restrainer. Each mouse 

was placed in the restrainer for two consecutive 60 minutes sessions a day for five 

consecutive days. After five days, mice were allowed to rest for two weeks before 

experimentation. Herein, we define mice that have not undergone a restraint stress 
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protocol as non-stressed mice and mice that have undergone a restraint stress protocol 

as stressed mice. 

Beam-walking Test 

The beam-walking test assesses motor coordination and motor learning as mice 

transverse a narrow beam of various diameters to a dark box at the other end. We 

performed the test as previously described (Carter, 2001). In brief, we first trained 

animals to transverse a medium square beam (14 mm wide) for two consecutive days 

with three trials each day. After training, we tested the animals on the following two 

consecutive days. On the first testing day, the animals traversed the medium square 

beam and a medium round beam (17 mm diameter). On the second testing day, the 

animals traversed a small round beam (10 mm diameter) and a small square beam (7 

mm wide). Each beam was repeated twice consecutively and the time to transverse the 

beam and number of hind limb slips were recorded. The beam-walking test was 

performed twice on the same mice, once before the mice underwent a restraint stress 

protocol and again after the restraint stress protocol.  

Rotarod Test 

The rotarod test assesses the ability of mice to maintain balance and 

coordination on an accelerating, rotating rod. We performed the experiment as 

previously described (Dang et al., 2006b). In brief, the accelerating rotarod (Ugo Basile) 

started at an initial 4 rpm and accelerated at a rate of 0.2 rpm/s to a final rate of 28 rpm 

over two minutes. We tested the mice for two consecutive days with three trials each 

day. We performed the trials approximately one hour apart from each other. We 

recorded the latency for each mouse to fall from the rod, without a maximum cutoff of 

two minutes. 
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Grip Strength Test 

We measured forelimb and hind limb strength using a grip strength meter (San 

Diego Instruments). The meter records the force of a metal grate being pulled in 

newtons (N). To measure forelimb strength, we held the mice by their tail and allowed 

only the mouse’s forelimbs to hold on to the metal grate. We then quickly pulled back on 

the mouse’s tail. To measure hind limb strength, we held the mice by the skin behind 

their neck and held their tail at an angle that prevented the forelimbs from grasping the 

metal grate and were quickly pulled back. We conducted three measurements for the 

hind limbs and three measurements for the forelimbs, and the maximum force of the 

three trials was used for statistical analysis. 

Open Field Test 

An open field apparatus was used to measure spontaneous activity and 

stereotypic behaviors. The open field apparatus (Lafayette Instruments) is equipped 

with infrared sensors that detect breaks in the beams. This information was inputted and 

analyzed by computer software (Digiscan System, Accuscan Instruments) as described 

previously (Cao and Li, 2002; Dang et al., 2005; Yokoi et al., 2009). The center of the 

chamber was exposed to bright illumination (produced by a 60 W bulb). For the Atp1a3 

studies, mice were recorded for 15 minutes. For the Btbd9 studies, mice were recorded 

for 30 minutes. 

Wheel Running Test 

The wheel running test examines voluntary activity levels of mice. For the studies 

involving Atp1a3 knockout mice we used a wheel running chamber equipped with an 

optical sensor to detect the speed and number of revolutions of the wheel (Lafayette 

Instruments). A computer collected this information at five minute intervals across six 
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consecutive days. The first three days of recordings were excluded from analysis due to 

acclimation and novelty of the wheel. 

For the studies involving Btbd9 knockout mice, we used a chamber with a 

magnetic sensor to detect movement of the wheel. The mice were maintained on a 12 

hour light, 12 hour dark (LD) cycle for 17 days, and then followed by 17 days of constant 

darkness (DD). Wheel running activity was recorded as the number of wheel revolutions 

occurring during 5 min bins and analyzed using ClockLab software (Actimetrics). For the 

last 10 days in LD we determined the proportions of activity during lights on and lights 

off, the total amount of activity per day, and alpha length (time between onset and offset 

of primary activity bout). The activity profile feature of ClockLab was used to determine 

the proportion of activity over the course of the LD cycle averaged over a 7 day period. 

The averaged data for each animal was normalized to the maximum activity for that 

animal. Means from each group across 24 hr is shown in Figure 3-5. For statistical 

comparison, data were binned into 3 hr bins and analyzed with a two-way repeated 

measures ANOVA. In DD, activity was measured for the entire 17 days and ClockLab 

was used to determine average counts per minute and alpha length. In addition, the chi-

squared periodogram analysis in ClockLab was used to determine period and rhythmic 

power as a measure of the amplitude and coherence of behavioral rhythms (Gamble et 

al., 2007; Ciarleglio et al., 2009). 

Tail Flick Test 

We tested the Atp1a3 and Btbd9 knockout mice for perception of pain using the 

Tail Flick Analgesia Meter (San Diego Instruments). We placed each mouse in an 

acrylic restrainer with the distal end of its tail protruding under a heat lamp. The heat 

lamp was then manually switched on. In the first five seconds the lamp reached a 
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temperature of approximately 40°C and the temperature rose from there to 50°C at 10 

seconds and 57°C at 15 seconds. A timer started once the heat lamp was turned on 

and automatically stopped when the mouse produced a strong reaction to the heating 

by moving its tail. This latency to respond was limited to 15 seconds to prevent injury. 

In a second cohort of Btbd9 knockout mice, we conducted the tail flick 

experiment during the middle of the active phase (approximately Zeitgeber time (ZT) 18, 

where ZT 12 refers to lights off); during the middle of the rest phase (approximately ZT 

6); and 15 min, 30 min, and 60 min following an intraperitoneal injection of 0.1 mg of 

ropinirole per kg of body weight (0.1 mL/1 mL of saline). Ropinirole is a common 

dopaminergic treatment for RLS patients, and previous study usued a similar dosage 

with efficacy (Qu et al., 2007). 

Fear Conditioning Memory Assessment 

We assessed memory formation and recall using the contextual and cued fear 

conditioning test as previously described (Shalin et al., 2006; Yokoi et al., 2009). Mice 

were trained during the morning of the first day in contextual chambers equipped wire 

shock grid floors. We allowed the mice to explore the context for four minutes before 

presentation of the first 30 seconds tone at 90 dB, which co-terminated with a 1 second, 

0.5 mA electrical foot shock. We presented two tone-shock pairings in total with a shock 

interval of 120 seconds. Mice remained in the chamber for an additional 60 seconds 

before being returned to their home cages. The chamber was cleaned with 70% ethanol 

between animals. The next morning, we monitored mice in the context chambers for 

their freezing behavior for 5 minutes, without the presentation of tone or shock. In the 

afternoon, we significantly changed the attributes of the environment, including the 
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shape and smell. We then allowed the mice to explore this novel environment for 3 

minutes before presentation of the tone, without shock, for 3 minutes. The chamber was 

cleaned with 75% isopropanol between animals. The time each mouse spent without 

any movement during the test was counted as freezing behavior. Freezing behavior was 

monitored and recorded by video and evaluated by software (Video Freeze, Med 

Associates). The freezing time was divided by session time (for context, 5 min; for cued, 

3 min) and expressed as percent freezing. 

In addition to measurement of freezing behavior, an investigator subjectively 

scored the response to the electric shocks during the training phase on two rating 

scales. The first scale measured the gross response to the electric shock, and a score 

of 1 to 3 was given, where 1 represented no response, 2 represented flinching or 

modest interrupting in ongoing behavior but did not generate any gross movement, and 

3 represented running or jumping or major interruption in ongoing behavior that 

generated gross movements. As all mice in the fear conditioning experiment responded 

with level 3 responses, the investigator then rated the response on a scale of 1 to 5, 

where 1 is a minimal but gross movement in response to the shock and 5 is a very large 

gross movement in response to the shock.  

Finally, we measured electrical shock pain threshold as previously described 

(Polter et al., 2010). In brief, we systematically applied increased shock intensities from 

0.1 mA to 1.0 mA to the mice. Intensities at which the mouse flinched, jumped, or 

vocalized were recorded and analyzed. 

Polysomnography 

To measure sleep architecture, we utilized a wireless telemetry device (F20-EET, 

Data Sciences International) that was approximately 3.9 g in weight and 1.9 cm3 in 



 

36 

volume with two biopotential channels. Each biopotential lead (2 per channel) had an 

outside diameter of 0.3 mm. We anesthetized the mice and made a small vertical cut 

(approximately 1 cm) on one side of the skin near the hind limb and the tibialis cranialis 

muscle was localized. We then inserted a pair of leads into the muscle and sutured and 

glued in place to obtain electromyographic (EMG) data. We placed another pair of leads 

on the dura of the brain to obtain electroencephalographic (EEG) data, as suggested by 

the manufacturer, and secured by dental cement. The body of the transmitter and any 

excess wire were inserted under the back of the skin and sutured close. The mice were 

then allowed 48 hours to recover from surgery. The EEG and EMG signals were 

processed and sleep patterns analyzed by NeuroScore computer software (DSI 

Instruments). 

Electromyography 

The EMG implantation was done similar to the polysomnography studies. Three 

Dyt1 ΔGAG knock-in mice, a mouse model of DYT1 dystonia, and three wild-type 

littermate controls of approximately 6 months of age were used in these studies. The 

mice were deeply anesthetized by a mixture of ketamine and xylazine and maintained 

using isoflurane, shaved, and a small vertical cut (approximately 1 cm) was made on 

one side of the skin near the hind limb. The bicep femoris, which is involved in knee 

flexion, and rectus femoris, which is involved in knee extension, were visually localized. 

The biopotential leads were then inserted into the muscle, fastened with sutures, and 

glued in place. The wireless transmitter body was then placed under the skin of the 

back of the mouse alongside any excess wire. The incision was then closed with suture, 

antibiotics were applied to the site, and the mouse was placed in a housing cage on top 

of a heating pad, which was monitored for temperature, to aid in recovery from surgery. 
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After mice awoke from anesthesia and were freely walking around with ease, they were 

returned to a housing room to recover from surgery for an additional 24 to 48 hrs. After 

this recovery period the wireless transmitters were turned on using a magnet, and EMG 

data was acquired at 1,000 Hz by a connected computer using Dataquest A.R.T. 

software (Data Sciences International). The data was filtered using a bandpass filter set 

from 10 Hz to 100 Hz and analyzed using an automated detection program in 

NeuroScore (Data Sciences International). We used three independent protocols for the 

detection program with varying stringency to assess sustained contractions. The first 

protocol (Protocol 1) assessed sustained contractions as being five times baseline 

activity (20 μV) for 10 s with a 2 s joint interval, the second protocol (Protocol 2) 

assessed sustained contractions as being four times baseline activity (16 μV) for 10 s 

with a 2 s joint interval, and the third protocol (Protocol 3) assessed sustained 

contractions as being three times baseline activity (12 μV) for 10 s with a 2 s joint 

interval. Statistical analysis was conducted using the non-parametric Mann-Whitney 

rank-sum test. 

High Performance Liquid Chromatography 

We analyzed neurochemicals in the striatum of Atp1a3 knockout mice using high 

performance liquid chromatography (HPLC). We conducted the experiment on striatal 

extracts from mice as previously described (Dang et al., 2005; Yokoi et al., 2006) except 

using 50 mM potassium phosphate buffer with 0.5 mM octyl sulfate (Sigma-Aldrich) and 

8% acetonitrile as running buffer. Dopamine (DA), serotonin (5-HT), 3,4-

dihyroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 5-hydroxyindoleacetic 

acid (5-HIAA), and 3-methoxytyramine (3-MT) were measured by the Neurochemistry 

Core Lab, Vanderbilt University Medical Center, Nashville, TN (Lindsey et al., 1998). 
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For the studies involving Btbd9 knockout mice, we performed HPLC using a 

different protocol. We homogenized the striatum, and the homogenate (50 mL), 0.24 M 

perchloric acid (50 mL) and internal standard 3,4-dihydroxybenzylamine (DHBA) were 

passed through a 0.2 mm micro-Sephadex column (Spin-X Costar, Corning Inc.) to remove 

endogenous substrates. Samples were then loaded onto a refrigerated ESA model 542 

autosampler and 10 mL of sample was injected onto an ESA MD-150 narrow-bore 

HPLC column (150 × 2 mm; ESA Inc). The mobile phase consisted of 75 mM sodium 

phosphate, 1.7 mM 1-octanesulfonic acid, 25 µM ethylenediaminetetracetic acid, 7.0 µM 

triethylamine, and 10% v/v acetonitrile in a volume of 2 L (pH 3.0). Once separated, 

compounds were measured with a coulometric detector (ESA model 5300, guard cell 

potential, +400 mV; working cell potentials, -174 mV and 350 mV). The neurotransmitter 

metabolite peak areas were integrated using EZ Chrom Elite Software (Scientific 

Software, Inc.) and quantified against known standards. The standard curves exceeded 

r=0.99, and the relative standard deviation of DHBA between samples was less than 

3%. Samples were normalized to weight of tissue and reported in pmol of 

neurochemical per gram of tissue. 

Iron Measurements 

Colorimetric Assay for Serum Iron 

Blood was collected by retro-orbital blood collection from mice. The blood was 

allowed to clot and then separated by centrifugation at 1,500×g for 10 min. The serum 

was removed and centrifuged again at 1,500×g for 10 min for further purification. The 

iron concentration was quantified using a colorimetric assay (QuantiChrom Iron Assay 

Kit, BioAssay Systems Inc.), according to the manufacturer’s instructions. 
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Atomic Absorption Spectroscopy for Iron in Striatal Tissue 

Striatum from mice were dissected out and homogenized 1:10 in PBS (pH 7.4) 

containing protease inhibitors (Roche). Brain region aliquots were wet digested by 

published and standard procedures and analyzed for iron concentration by atomic 

absorption spectrometry (Perkin Elmer AAnalyst 600, Perkin Elmer) (Piñero et al., 

2000). Standards were prepared by diluting a Perkin Elmer iron standard 

(PE#N9300126) in 0.2% ultra-pure nitric acid, and blanks prepared with digesting and 

diluting reagents to control for possible contamination. All standard curves exceeded r > 

0.99.  

Electrophysiology  

Field Recordings 

Preparation of hippocampal slice and electrophysiological analysis were 

performed as described previously (Levenson et al., 2004; Yokoi et al., 2009; Dang et 

al., 2012). In brief, hippocampi of adult mutant or wild type mice were rapidly removed 

and briefly chilled in ice-cold cutting saline (110 mM sucrose, 60 mM NaCl, 3 mM KCl, 

1.25 mM NaH2PO4, 28 mM NaHCO3, 5 mM D-glucose, 500 μM CaCl2, 7 mM MgCl2, and 

600 μM ascorbate). Transverse slices 400-μm thick were prepared with a Vibratome 

and maintained at least 45 min in a holding chamber containing 50% artificial cerebral 

spinal fluid (aCSF) (125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 

25 mM D-glucose, 2 mM CaCl2, and 1 mM MgCl2) and 50% cutting saline. The slices 

were then transferred to a recording chamber and perfused (1 mL/min) with 100% 

aCSF. Slices were allowed to equilibrate for 60–90 min in a Fine Science Tools 

interface chamber at 30°C. All solutions were continuously bubbled with 95% O2/5% 

CO2. For extracellular field recordings, glass recording electrodes were filled with aCSF 



 

40 

and placed in the stratum radiatum of the CA1 hippocampal region. Test stimuli were 

delivered to the Schaffer collateral/commissural pathway with bipolar Teflon coated 

platinum stimulating electrode positioned in the stratum radiatum of the CA3 

hippocampal region. Responses were recorded using a computer with AxoClamp 

pClamp 8 data acquisition software. Excitatory post-synaptic potential (EPSP) slope 

measurements were taken after the fiber volley to eliminate contamination by population 

spikes. Following at least 20 min of stable baseline recording, long-term potentiation 

(LTP) was induced with two, 100 Hz tetani (1 second), with an interval of 20 seconds 

between tetani. Synaptic efficacy was monitored by recording fEPSPs every 20 seconds 

beginning 0.5 hr prior to induction of LTP and ending 3 hr after induction of LTP (traces 

were averaged for every 2 min interval). Paired pulse ratios (PPRs) were measured at 

various inter-stimulus intervals (10, 20, 50, 100, 150, 200, 250, and 300 ms). All 

experimental stimuli were set to an intensity that evoked 50% of the maximum field 

EPSP (fEPSP) slope. To measure input-output relationships, test stimuli were delivered 

and responses recorded at 0.05 Hz with every six consecutive responses over a 2 min 

period pooled and averaged. fEPSPs were recorded in response to increasing 

intensities of stimulation (from 2.5 μA to 45.0 μA). 

Whole-cell Recordings  

Animals were anesthetized by the inhalation of isoflurane, decapitated and the 

brain was rapidly removed. 400 µm-thick coronal brain slices were cut with a Vibratome 

(Technical Products International, St. Louis, MO). Slices were incubated on cell culture 

inserts (8 µm pore diameter, Becton Dickinson, Franklin Lakes, NJ) covered by a thin 

layer of aCSF containing (in mM) 124 NaCl, 26 NaHCO2, 1.25 NaH2PO4, 2.5 KCl, 1 
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CaCl2, 6 MgCl2, 10 D-glucose and surrounded by a humidified 95% O2 and 5% CO2 

atmosphere at room temperature (22°C). After at least 1 hr incubation, the slice was 

transferred to a submerged recording chamber with continuous flow (2 ml/min) of aCSF 

as described above except for 2.4 mM CaCl2 and 1.3 mM MgCl2 and gassed with 95% 

O2-5% CO2 giving pH 7.4. All experiments were carried out at 30°C. Whole-cell 

recordings were made from pyramidal cells in the hippocampal CA1 region using 

infrared-differential interference contrast microscopy and an Axopatch 1D amplifier 

(Axon Instruments, Foster City, CA). Patch electrodes had a resistance of 3-5 MΩ when 

filled with intracellular solution containing (in mM): 125 K-gluconate, 8 NaCl, 10 HEPES, 

4 MgATP, 0.3 Na3GTP, 0.2 EGTA, and 0.1% biocytin (pH 7.3 with KOH, osmolarity 

290-300 mOsM). mEPSCs were recorded at -68mV and with the both solution 

containing 1 µM TTX(a sodium channel blocker, 50 µM AP5(an NMDA receptor blocker) 

and 50 µM picrotoxin (a blocker of GABA receptor). Series resistance was 9-15 MΩ and 

cells were rejected if it changed >10% throughout the recording session. All drugs were 

purchased from Sigma-Aldrich. Data were acquired using pClamp 10 software. The 

recordings were started 5-10 min after accessing the cell to allow for stabilization of 

spontaneous synaptic activity. Analysis of mEPSCs was based on 5 min continuous 

recordings from each cell. Events were detected using the Mini Analysis Program 

(Synaptosoft) with parameters optimized for each cell and then visually confirmed prior 

to analysis. The peak amplitude, 10-90% rise time and the decay time constant were 

measured based on the average of all events aligned by rise phase. 
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Western Blot  

Two types of fractions were used depending on the experiment. The first was a 

whole hippocampus fraction and the second was a synaptosomal fraction. In both 

cases, the hippocampi were dissected and quickly frozen in liquid nitrogen. Whole 

hippocampus fraction preparation was performed as previously described (Yokoi et al., 

2010; Dang et al., 2012; Yokoi et al., 2012). In brief, the hippocampi were then 

homogenized in 400 µL of ice-cold lysis buffer [50 mM Tris·Cl (pH 7.4), 175 mM NaCl, 5 

mM EDTA, Complete Mini Protease Inhibitor Cocktail (Roche)] and sonicated for 10 

seconds. One-ninth volume of 10% Triton X-100 in lysis buffer was added to the 

homogenates. The homogenates were incubated for 30 min on ice, and then 

centrifuged at 10,000 × g for 15 min at 4°C. The supernatants were then collected and 

the protein concentration was measured by Bradford assay with bovine serum albumin 

as standards. The homogenates were mixed with SDS-PAGE loading buffer and boiled 

for 5 min, incubated on ice for 1 minute, and then centrifuged for 5 min to obtain the 

supernatant for loading at 40 µg each lane. Synaptosomal fractions were prepared as 

previously described (Hallett et al., 2008; Yokoi et al., 2010). In brief, the hippocampi 

were defrosted in 5 mL of ice-cold TEVP buffer [10mM Tris-Cl (pH 7.4), 5 mM NaF, 1 

mM Na3VO4, 1 mM EDTA, 1 mM EGTA] containing 320 mM sucrose for 5 min and 

homogenized. The homogenates were centrifuged for 10 min at 800 × g at 4 °C and the 

supernatants were collected. Supernatants were then centrifuged for 15 min at 9,200 × 

g and the pellets were obtained. After briefly rinsing with 1 mL TEVP buffer containing 

35.6 mM sucrose, pellets were resuspended in 2 mL TEVP buffer and put on ice for 30 

min. The samples were vortexed and centrifuged for 20 min at 25,000 × g at 4 °C. 

Pellets were briefly rinsed with 1 mL of TEVP buffer and resuspended in 1 mL TEVP 
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buffer. These synaptosomal fractions were sonicated for 10 seconds and the protein 

concentration was measured by Bradford assay with bovine serum albumin as 

standards. Synaptosomal fractions were diluted with water containing Complete Mini 

Protease Inhibitor Cocktail (Roche) and mixed with equal volume of 2 × SDS-PAGE 

loading buffer to the final protein concentration of 0.5 µg/µL. The solution was then 

boiled for 5 min, incubated on ice for 1 min, and centrifuged for 5 min to obtain the 

supernatant for loading at 10 µg each lane. In both fractions, the separated proteins 

were transferred to the nitrocellulose membrane. The membrane was blocked with 5% 

milk in wash buffer and treated with the primary antibody of the protein of interest. The 

secondary antibodies and detecting reagents were the same as previously described. 

The experiments were performed in triplicate. For whole hippocampus fraction the 

antibody used was against β-galactosidase (55976, MP Biomedicals) and for 

synaptosomal fraction the antibodies used were against syntaxin-1 (PA1-1042, Affinity 

BioReagents), SNAP-25 (SC-7538, Santa Cruz), synaptotagmin-1 (AB9202, Millipore), 

synaptobrevin-2 (018-15791, Wako), synaptophysin (PA1-1043, Affinity BioReagents), 

and dynamin 1 (SC-6402, Santa Cruz). 

RT-PCR  

Messenger RNA (mRNA) was obtained from 2 WT and 2 homozygous Btbd9 

mutant mice brains using a Qiagen RNeasy Protect Kit. RT-PCR was performed using 

protocols from Qiagen OneStep RT-PCR kit with the forward primer located in the exon 

before the intron containing the gene-trap (Exon6 – 5’-

TTGAAGTGTCCATGGACGAACTTGATTGGA-3’) and the reverse primer located in the 

exon after this intron (Exon7R – 5’-GAAAATCTTGTTCACTGTGTTGTGAGTCC-3’).  
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Statistics  

 We analyzed open field, wheel running, grip strength, tail flick, fear conditioning 

data using two-way ANOVAs, with age, sex, weight, and genotype as variables. We 

analyzed rotarod data using repeated ANOVAs, with age, sex, weight, and genotype as 

variables. Beam-walking data were analyzed by logistic regression (GENMOD) with 

negative binominal distribution using GEE model using genotype, sex, age and body 

weight as variables. WT mice were normalized to zero. Fear conditioning behavior 

response to the shock during training was analyzed using Wilcoxon rank-sum test. 

Shock threshold was analyzed for each of three behaviors using a Student’s t-test 

 Electrophysiological data was analyzed in general by Student’s t-test. However, 

the overall distribution was analyzed using a Kolmogorov-Smirnov test for the input-

output curve. Additionally, miniature excitatory post-synaptic current (mEPSC) 

amplitude and frequency was analyzed using a Kolmogorov-Smirnov test. Graphical 

data shows approximately 97-98% of mEPSC data for simplicity.  

Western blot, HPLC, and iron data analyses were conducted using a Student’s t-test. 

All data was analyzed using SAS 9.1 software and/or Microsoft Excel, with significance 

assigned at p ≤ 0.05. 
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CHAPTER 3 
PART1: CHARACTERIZATION OF ATP1A3 KNOCKOUT MICE AS A MODEL FOR 

RAPID-ONSET DYSTONIA-PARKINSONISM 

Motor Deficits in Female Heterozygous Atp1a3 Mutant Mice 

 

Beam-walking test  

We assessed motor coordination and motor learning deficits using the beam-

walking test (Carter et al., 1999). We observed no statistical difference in non-stressed 

male or female heterozygous Atp1a3 knockout mice when compared to non-stressed 

wild-type mice (p > 0.05, Figure 3-1A). As the symptoms of DYT12 dystonia are absent 

until triggered by a physiological stressor (Dobyns et al., 1993; Pittock et al., 2000; 

Linazasoro et al., 2002; Kamm et al., 2004; Zaremba et al., 2004; Brashear et al., 

2007), we examined the effects of stress on motor behavior. We exposed mice to a 

restraint stress for five days followed by a two-week rest period. Stressed female 

heterozygous Atp1a3 mutant mice exhibited a 250% increase in hind limb slips in the 

beam-walking test compared to stressed female WT mice (p < 0.05, Figure 3-1B). 

However, we observed no significant increase in the number of hind limb slips in 

stressed male heterozygous Atp1a3 mutant mice compared to stressed male WT mice 

(p > 0.05, Figure 3-1B). Previously, Koehl and colleagues observed that sensitivity to 

restraint stress is sex-dependent (Koehl et al., 2006). Therefore, it is possible that under 

the current conditions, we failed to trigger the dystonic-like phenotype in stressed male 

heterozygous Atp1a3 mutant mice. As stress induced motor deficits in the beam-

walking test, we conducted the remaining experiments with only stressed animals. 

                                            
 Reproduced and adapted with permission from DeAndrade MP, Yokoi F, van Groen T, 
Lingrel JB, Li Y (2011) Characterization of Atp1a3 mutant mice as a model of rapid-
onset dystonia with parkinsonism. Behavioural Brain Research 216:659-665. 
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Accelerated Rotarod Test 

We used the rotarod test, another test for motor coordination and motor learning, 

on stressed mice. Stressed female heterozygous Atp1a3 mutant mice exhibited a 

significantly decreased latency to fall from the rotarod compared to stressed female WT 

mice (p < 0.05, Figure 3-2B,C). However, similar to the beam-walking test, stressed 

male heterozygous Atp1a3 mutant mice did not exhibit a deficit compared to stressed 

male WT mice (p > 0.05, Figure 3-2A,C). Similar to the beam-walking test, we observed 

motor deficits in the stressed female heterozygous Atp1a3 mutant mice. 

Grip Strength Test 

To determine if the motor deficits exhibited in the beam-walking and rotarod tests 

arose from a muscular weakness and not a neurological deficit, we assessed the grip 

strength of the stressed mice for both the forelimbs and the hind limbs. We observed no 

significant difference between stressed heterozygous Atp1a3 knockout mice and 

stressed WT mice in forelimb and hindlimb strength in males or females (3-3A,B). This 

suggests that stressed heterozygous Atp1a3 mutant mice do not exhibit a significant 

muscular deficiency. 

Activity Levels of Heterozygous Atp1a3 Mutant Mice 

Spontaneous activity levels 

Several mouse models of dystonia exhibit alterations in activity levels and circling 

behavior (Dang et al., 2005; Shashidharan et al., 2005; Dang et al., 2006a; Yokoi et al., 

2006; Grundmann et al., 2007; Yokoi et al., 2008). In addition, Moseley and colleagues 

previously demonstrated that non-stressed heterozygous Atp1a3 mutant mice exhibited 

an increase in activity levels (Moseley et al., 2007). Therefore, to monitor stressed 

heterozygous Atp1a3 mutant mice for spontaneous activity, we used an open field 
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experiment. We observed no significant differences in the level of horizontal (p > 0.05, 

Figure 3-4A) or vertical activity (p > 0.05, Figure 3-4A) in stressed heterozygous Atp1a3 

mutant mice compared to stressed WT mice, regardless of sex. However, stressed 

heterozygous Atp1a3 mutant mice exhibited a significant decrease in clockwise circling 

(p < 0.05, Figure 3-4B), but no significant difference in counterclockwise circling 

compared to stressed WT mice (p > 0.05, Figure 3-4B). Previous studies on mouse 

models of Parkinson’s disease linked alterations in activity and circling with alterations 

in the dopaminergic system (Kim et al., 2000; Viggiano et al., 2003), suggesting that the 

stressed heterozygous Atp1a3 mutant mice exhibit alterations in this system. 

Voluntary activity levels 

To monitor for voluntary activity levels, we used a standard cage equipped with a 

wheel. We observed no significant difference in cumulative distance for four days for 

stressed male or female heterozygous Atp1a3 mutant mice compared to stressed male 

or female WT mice (p > 0.05, Figure 3-5B). However, the stressed female heterozygous 

Atp1a3 mutant mice diverged into two separate groups (Figure 3-5C). One group was 

significantly hyperactive when compared to stressed female WT mice (n=7, p < 0.05, 

Figure 3-5D) and another was significantly hypoactive when compared to stressed 

female WT mice (n=3, p < 0.0001, Figure 3-5D). This suggests that stressed female 

heterozygous Atp1a3 mutant mice exhibit alterations in voluntary activity levels. 

Sensory Deficits in Heterozygous Atp1a3 Mutant Mice 

We conducted a standard tail flick sensory experiment to assess sensory 

function in stressed heterozygous Atp1a3 mutant mice. Stressed female heterozygous 

Atp1a3 mutant mice showed a significant increase in latency to respond to the stimulus 

compared to stressed female WT mice (p < 0.05, Figure 2-6). In contrast, we observed 
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no significant difference between stressed male heterozygous Atp1a3 mutant and WT 

mice (p>0.05, Figure 3-6). This suggests stressed female heterozygous Atp1a3 mutant 

mice exhibit hyposensitivity. 

No Alterations in Striatal Neurochemical Levels 

Following the behavioral experiments, we sacrificed the mice and dissected out 

the striatum from each mouse. We then performed high performance liquid 

chromatography (HPLC) to analyze the striatal levels of dopamine, serotonin, and their 

metabolites. We observed no significant differences between stressed heterozygous 

Atp1a3 mutant mice and WT mice in dopamine, serotonin, or their metabolites (Table 3-

1). Therefore, the behavioral alterations observed in the Atp1a3 mutant mice are not 

likely caused by gross changes in the dopaminergic or serotonergic system. However, 

gross changes in these systems are not seen in RDP patients. We hypothesize that 

subtle changes exist, such as an alteration in the level of dopamine receptors or 

neurons, in the Atp1a3 mutant mice. Future studies will be targeted to testing this 

hypothesis. 
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Figure 3-1. Hind limb slips on the beam-walking test. Non-stressed male and female 

mice showed no significant difference in hind limb slips (A). However, 
stressed female heterozygous Atp1a3 mutant mice showed an increase in 
slips compared to stressed female WT mice, while stressed male 
heterozygous Atp1a3 mutant mice showed no significant difference compared 
to stressed male WT mice (B). Bars represent means with standard errors of 
the mean. * p < 0.05. 
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Figure 3-2. Latency to fall on the accelerated rotarod test. Stressed male heterozygous 

Atp1a3 mutant mice showed no significant alterations in performance on the 
rotarod test by trial (A) or with all trials combined compared to stressed male 
WT mice (C). However, stressed female heterozygous Atp1a3 mutant mice 
showed a significant decrease in latency to fall compared to stressed female 
WT mice in both individual trials and with the trials combined (B, C). Bars 
represent means with standard errors of the mean. * p < 0.05. 

 
 
 

 
 
Figure 3-3. Forelimb and hind limb grip strength. Stressed male and female 

heterozygous Atp1a3 mutant mice showed no difference in grip strength for 
forelimb (A) or hind limb (B) compared to stressed male and female WT mice 
(A). Bars represent means with standard errors. 
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Figure 3-4. Open field test to measure spontaneous activity levels. Stressed 

heterozygous Atp1a3 mutant mice, regardless of sex, showed no significant 
difference in horizontal activity (A) or vertical activity compared to stressed 
WT mice (A). Stressed heterozygous Atp1a3 mutant mice, regardless of sex, 
showed a significant decrease in clockwise (CW) circling (B), but no 
significant difference in counterclockwise circling (CCW) (B). Bars represent 
means with standard errors of the mean. * p < 0.05. 
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Figure 3-5. Voluntary activity levels measured by wheel running. Stressed male 

heterozygous Atp1a3 mutant mice showed no difference in the distribution (A) 
or the mean (B) of cumulative distance run. However, stressed female 
heterozygous Atp1a3 mutant mice showed a divergence in the distribution (C) 
with one group being increased in activity compared to stressed WT mice 
(Het – Hyperactive) and the other being decreased in activity compared to 
stressed WT mice (Het – Hypoactive) (D). Circles in (A) and (C) represent 
individual animal cumulative distances. Numbers in parenthesis in (C) 
indicates number of animals. Bars in (B) and (D) represent means with 
standard errors of the mean. * p < 0.05 compared to stressed WT mice. ** p < 
0.01 compared to stressed WT mice. 
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Figure 3-6. Tail flick sensory test to determine perception of a warm stimulus. Stressed 

female heterozygous Atp1a3 mutant mice exhibited a significant increase in 
latency to respond to the stimulus compared to stressed female WT mice 
while stressed male heterozygous Atp1a3 mutant mice exhibited no 
difference compared to stressed male WT mice. Bars represent means with 
standard errors of the mean. * p < 0.05. 
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Table 3-1. DA, 5-HT, and their metabolites in the striatum. 
Neurochemical   WT  Het p 
DA 102.52 ± 3.00 101.05 ± 3.53 0.76 
DOPAC     7.31 ± 0.25     7.11 ± 0.30 0.62 
HVA   10.44 ± 0.38   10.33 ± 0.44 0.86 
3-MT     5.94 ± 0.31     5.74 ± 0.36 0.69 
5-HT     6.70 ± 0.28     6.84 ± 0.33 0.76 
5-HIAA     2.96 ± 0.10     2.88 ± 0.12 0.62 
DOPAC/DA     0.072 ± 0.002     0.070 ± 0.002 0.63 
HVA/DA     0.102 ± 0.002     0.102 ± 0.003 0.99 
5-HIAA/5-HT     0.446 ± 0.012     0.426 ± 0.014 0.29 
The values of neurochemical are shown as mean ± standard errors (in ng/mg 
of wet tissue). The turnover of metabolites is shown as the ratio of the 
neurochemicals. WT, Wild-type mice; Het, Heterozygous Atp1a3 mutant mice. 
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CHAPTER 4 

PART 2: CHARACTERIZATION OF BTBD9 KNOCKOUT MICE AS A POTENTIAL 
MODEL FOR RESTLESS LEGS SYNDROME  

 

Generation of Btbd9 Knockout Mice 

We obtained a commercial embryonic stem (ES) cell clone that contained a β-

geo gene trap vector in the sixth intron of the Btbd9 gene (RRE078, BayGenomics). The 

gene trap was approximately 8.5 kilobase pairs (kb) long and included a single exon of 

the Engrailed-2 (En2) gene, the bacterial lacZ and neomycin phosphotransferase II 

genes, and a pA signal sequence. The En2 exon contained a 5’-splice site, thereby 

creating an artificial exon within the sixth intron of the Btbd9 gene. The gene trap 

version of the Btbd9 gene thereby produces a fusion protein containing the N-terminal 

portion of the Btbd9 protein, β-galactosidase, and neomycin. The ES cells were 

expanded and its fusion mRNA verified by RT-PCR. Next, we inserted the ES cells into 

blastocysts, and implanted them into pseudopregnant females, from which chimeras 

were generated. Chimeras that contained the gene trap in germline cells were detected 

by PCR using primers designed to target and amplify a sequence within the gene trap 

vector (v1531 – 5’-GGTCCCAGGTCCCGAAAACCAAAGAAGA-3’ and v1842R – 5’-

ACAGTATCGGCCTCAGGAAGATCGC-3’). Heterozygous mutant mice were interbred 

to generate homozygous mutant mice, which were identified initially using a 

microsatellite marker approximately 4 megabase pairs from the Btbd9 gene, which can 

identify differences between mouse inbred strains (D17M100a – 5’-

gttaagaatgattttcacactacaaga-3’ and D17M100b – 5’-agcacatgtacttactcatatacgtgc-3’). 
                                            
 Reproduced and adapted with permission from DeAndrade MP, Johnson RL, Unger EL, 
Zhang L, van Groen T, Gamble KL, Li Y (2012a) Motor restlessness, sleep 
disturbances, thermal sensory alterations and elevated serum iron levels in Btbd9 
mutant mice. Hum Mol Genet 21:3984-3992. 
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The size of PCR products from 129/SvJ strain is 129 bp, which represents that of the 

mutant allele from the ES cell, while those from C57BL/6J is 119 bp, which represents 

that of the wild-type allele from the backcross. To determine the location of the gene 

trap vector within the sixth intron of the Btbd9 gene, we used long and accurate (LA)-

PCR. With LA-PCR we were able to successfully amplify sequences up to 

approximately 20 kb, which was important as the length of the sixth intron of the Btbd9 

gene is approximately 179.2 kb long. We synthesized primer sets at approximately 10 

kb intervals within the sixth intron (Table 4-1), and then serially amplified approximately 

10 kb fragments and screened for failure of LA-PCR reactions using genomic template 

DNA isolated from the homozygous mutant mice. We were able to narrow down the 

approximate location of the gene trap in the sixth intron to a 13.2 kb region between 

approximately 89.3 kb and 102.5 kb from the start of the sixth intron. Next, we 

synthesized primer sets at approximately 500 bp intervals in this region and conducted 

PCR (Table 4-1). This narrowed the possible insertion site further to 102,000 to 102,501 

bp from the start of the sixth intron (Figure 4-1A). Lastly, we generated a primer set 

located at 102,200 bp from the start of the sixth intron and conducted PCR (Table 4-1). 

This narrowed the insertion site to between 102,200 and 102,501 bp from the start of 

the sixth intron (Figure 4-1A). Mice were backcrossed to the C57BL/6 background.  

Interbreeding heterozygous Btbd9 mutant mice resulted in a non-Mendelian ratio 

at weaning, with a decrease in both heterozygous and homozygous Btbd9 mutant mice 

(p < 0.05, Table 4-3). There were no obvious abnormalities in these mice, including 

weight at time of experiment, ability to right themselves, and gait. To determine how 

effective the gene trap was in terminating transcription, we used reverse transcriptase 
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(RT)-PCR with the forward primer located in the exon before the gene trap and the 

reverse primer located in the exon after the gene trap. The WT mice, in contrast to the 

homozygous Btbd9 mutant mice, produced a strong RT-PCR fragment (Figure 4-3A). 

This suggests that the gene trap efficiently knocked out the Btbd9 gene. Furthermore, 

as there are currently no high-quality commercially available antibodies for Btbd9 in 

mice, we took advantage of the mutant mice having the bacterial lacZ gene inserted into 

the Btbd9 gene as part of the gene trap, which produces a β-galactosidase-neomycin 

fusion protein. Using an antibody against β-galactosidase, we were able to identify that 

Btbd9 is normally expressed in the hippocampus of mice (Figure 4-3B). The Btbd9 

mutant mice produced two bands compared to one band by the positive control, which 

could be attributed to alternate splicing of the Btbd9 gene (Flicek et al., 2008). The 

expression of the Btbd9 gene in the hippocampus of mice is similar to the result 

produced by the Allen Mouse Brain Atlas using in situ hybridization of Btbd9 mRNA 

(Lein et al., 2007). 

Motor Restlessness in Btbd9 Knockout Mice 

A cardinal feature of RLS is an urge to move. Previously, phenotypic mouse 

models of RLS exhibited altered activity levels, including hyperactivity and periodic leg 

movement-like phenomena (Ondo et al., 2000b; Clemens and Hochman, 2004; Esteves 

et al., 2004). Therefore, to assess the total activity levels of the Btbd9 knockout mice, 

we measured activity using an open field activity chamber. We observed an increased 

total distance traveled in the homozygous Btbd9 knockout mice compared to WT mice 

(Figure 4-4A, p < 0.05). Furthermore, we observed an increase in counterclockwise 

circling in the homozygous Btbd9 knockout mice (Figure 4-4B, p = 0.05), while no 

statistical difference in clockwise (CW) circling compared to WT mice (Figure 4-4B, p > 
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0.05). Lastly, we observed no statistical differences in stereotypical behavior or anxiety 

levels in the homozygous Btbd9 knockout mice compared to WT mice (Table 4-4). 

These results suggest that the homozygous Btbd9 knockout mice are hyperactive. 

Furthermore, alterations in circling behavior in mice have been linked in other studies to 

imbalances in the dopaminergic system (Kim et al., 2000; Viggiano et al., 2003).  

Next, we assessed wheel running activity, which measures voluntary activity in a 

home cage (Figure 4-5). In normal 12 hour light, 12 hour dark conditions (LD), 

homozygous Btbd9 knockout mice exhibited a strong trend of increase in total counts, 

which are the counts during both day and night (Table 4-5, p = 0.06), and a trend of 

increase in counts during the lights on phase, when the mice would normally be resting 

or sleeping (Table 4-5, p = 0.08). Next, the mice were placed in constant darkness (DD), 

which mice typically respond with increased activity. The homozygous Btbd9 knockout 

mice exhibited an increased locomotor activity compared to WT mice (Table 4-6, p < 

0.05). Additionally, we observed no significant alterations in circadian parameters, 

including period, alpha, or amplitude in either normal LD or DD (p > 0.05, Table 4-5, 

Table 4-6). This data, taken together, suggest an increase in voluntary activity, which 

corroborates the total activity being increased in the open field test, in the homozygous 

Btbd9 mutant mice (Figure 4-4A). 

Thermal Sensory Alterations in Btbd9 Knockout Mice 

Commonly associated with the urge to move in RLS patients are uncomfortable 

sensations in the legs. Therefore, we tested the Btbd9 mutant mice for abnormalities in 

the sensory system using the tail flick test. We observed a 27% decrease in the latency 

to respond for the heterozygous Btbd9 knockout compared to WT mice (Figure 4-6A, p 

< 0.05). Furthermore, we observed a 53.4% decrease in time to respond to the warm 
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stimulus in the homozygous Btbd9 knockout compared to WT mice (Figure 4-6A, p < 

0.01). We further analyzed this sensory alteration in the heterozygous Btbd9 knockout 

mice, as they may represent more of the RLS population, and showed an intermediary 

deficit. We observed no significant sensory alteration in the heterozygous Btbd9 

knockout mice compared to WT mice during the middle of the active phase (Figure 4-

6B, Midnight, p > 0.05). However, we observed a significant sensory alteration in the 

heterozygous Btbd9 knockout mice during the middle of the rest phase in comparison to 

WT mice (Figure 4-6B, Midday, p < 0.01), suggesting a circadian or diurnal component 

to the sensory deficit. Next, we administered intraperitoneally 0.1 mg/kg of ropinirole, a 

common D2 receptor-like dopaminergic agonist given to RLS patients, to WT and 

heterozygous Btbd9 knockout mice (Allen and Ritchie, 2008; Zintzaras et al., 2010). 

After this treatment, we observed no difference in latency to respond to the warm stimuli 

15 minutes post-injection (PI), 30 minutes PI, and 60 minutes PI (Figure 4-6B, p > 0.05) 

between the homozygous Btbd9 knockout and WT mice. This suggests a circadian-

dependent sensory deficit in the Btbd9 knockout mice and the sensory deficit is 

responsive to dopaminergic treatment.  

Sleep Structure Alterations in Btbd9 Knockout Mice 

Due to the uncomfortable sensations in the legs and the uncontrollable urge to 

move, patients with RLS often will have fragmented sleep (Brand et al., 2011; Scholz et 

al., 2011; Yngman-Uhlin et al., 2011). To investigate if similar sleep disruptions occur in 

the homozygous Btbd9 knockout mice, we implanted homozygous Btbd9 knockout mice 

and WT mice with a wireless telemetry system capable of electroencephalographic 

(EEG) and electromyographic (EMG) recordings of the right tibialis cranialis, which is 

equivalent to the tibialis anterior muscle in humans. We observed that during the rest 
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phase the homozygous Btbd9 knockout mice had decreased slow-wave sleep (SWS) 

(Table 4-7, p < 0.01), no statistical difference in REM sleep (Table 4-7, p > 0.05), and 

an increased awake time (Table 4-7, p < 0.05) compared to WT mice. Furthermore, we 

observed an increase in arousals in the homozygous Btbd9 knockout mice compared to 

WT mice (Table 4-7, p < 0.05), but no significant alteration in latency to sleep or REM 

sleep (Table 4-7, p > 0.05). These results suggest a fragmented sleep in the Btbd9 

knockout mice, similar to RLS patients. 

Altered Iron Metabolism in Btbd9 Knockout Mice 

Analysis of the iron system has been an emphasis of RLS research. Therefore to 

test whether there is an alteration in iron homeostasis in the Btbd9 knockout mice, we 

measured serum iron using a colorimetric assay. Homozygous Btbd9 knockout mice 

exhibited increased iron levels in the serum (Figure 4-7A, p < 0.01). We then sacrificed 

and dissected the striatum from homozygous Btbd9 knockout and WT mice. After 

homogenizing these samples, we performed atomic absorption (AA) spectroscopy on 

the homogenates. We observed no statistical difference in striatal brain iron levels 

between homozygous Btbd9 knockout and WT mice (Figure 4-7B, p > 0.05). These 

results suggest that there is an imbalance in iron homeostasis, at least in the periphery, 

of the Btbd9 knockout mice. 

Altered Serotonergic Metabolism in Btbd9 Knockout Mice 

We analyzed the striatum of homozygous Btbd9 knockout mice using high HPLC 

for alterations in dopamine, serotonin, and their metabolites DOPAC, HVA, and 5-HIAA. 

We observed no statistical difference between homozygous Btbd9 knockout and WT 

mice in dopamine, serotonin, DOPAC, or HVA (Table 4-8, p > 0.05). However, we did 

observe an increase in 5-HIAA, a metabolite of serotonin, in the homozygous Btbd9 
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mutant mice compared to WT (Table 4-8, p < 0.05). This suggests that the gross levels 

of dopamine and serotonin are not altered, but alterations in the metabolism of the 

monoamine neurotransmitters in the striatum exist.
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Figure 4-1. Location of the β-geo vector insertion site and PCR map. (A) Schematic 
diagram of PCR reactions that were used to narrow the β-geo vector insertion 
site to between 102,250 and 102,501. Reaction 1 produced PCR products at 
the appropriate base pair (bp) length, whereas Reaction 2 failed to produce 
reactions of the appropriate size, thereby narrowing the location to between 
102,000 to 102,501. This was further confirmed by Reaction 3, which failed to 
produce reactions of the appropriate size. This region was further broken 
down, with Reactions 4 and 5. Reaction 4 produced PCR products at the 
appropriate bp length, whereas Reaction 5 failed to produce reactions of the 
appropriate size, thereby narrowing the location to 102,200 to 102,501. (B) 
Schematic diagram of PCR primer locations used to genotype mice. A set of 
primers detects the wild-type allele, and a different set of primers detects the 
mutant allele. Base pair numbers are relative to the start of the sixth intron of 
the Btbd9 gene. Thick line represents β-geo gene trap, and thin line 
represents the sixth intron of the Btbd9 gene.  
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Figure 4-2. Generation and genotyping of Btbd9 knockout mice. (A) The normal wild-
type (WT) allele of the Btbd9 gene contains 12 exons. A commercially 
available mutant allele of the Btbd9 gene has a β-geo gene trap inserted into 
the sixth intron. Filled vertical rectangles represent coding exons; open 
vertical rectangles represent non-coding exons. (B) To genotype the mice a 
two-step process was taken. First, primers were used to detect specifically 
the β-geo gene trap vector, which produced a fragment of approximately 311 
bp in length with an internal control fragment of approximately 200 bp in 
length. Second, primers were used to detect specifically a WT allele, which 
would produce a fragment of approximately 500 bp in length and an internal 
control β-geo fragment of 311 bp in length. 
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Figure 4-3. Confirmation of loss of WT mRNA and fusion protein expression in 

hippocampus of Btbd9 knockout mice. (A) The WT mice, in contrast to the 
homozygous Btbd9 knockout mice, produced a strong RT-PCR fragment of 
the Btbd9 gene. (B) The Btbd9 protein is expressed in the hippocampus of 
adult mice. Antibody against β-galactosidase detected β-geo fusion proteins 
from both the homozygous Btbd9 knockout and a positive control mouse that 
had a gene trap insertion in a different gene, while no band was observed in 
the WT control. 

 

 

Figure 4-4. Open field test to measure total activity. (A) Homozygous Btbd9 knockout 
mice showed an increased total activity compared to WT mice. (B) 
Homozygous Btbd9 knockout mice showed no alteration in clockwise (CW) 
circling, but did show an increase in counterclockwise (CCW) circling. Bars 
represent means with standard errors of the mean. * p ≤ 0.05. 
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Figure 4-5. Wheel running analysis to measure voluntary activity. (A) Homozygous 

Btbd9 knockout mice showed a trend of increased activity during the normal 
light, dark cycle (LD). The light was on between ZT 0 and 12. (B) Actograms 
of WT and homozygous Btbd9 knockout mice. Yellow shaded region 
represents when the lights were on. 



 

66 

 
 
Figure 4-6. Tail flick test to determine sensory perception to warm stimuli. (A) 

Heterozygous Btbd9 mutant mice and homozygous Btbd9 mutant mice 
showed a dramatic decrease in latency to respond to a warm stimulus. (B) 
Heterozygous Btbd9 mutant mice showed no sensory alteration during the 
middle of the active phase (midnight), but showed a sensory alteration during 
the middle of the rest phase (midday). Top schematic describes the 
experimental design and setup. Bottom graph shows that after a 0.1 mg/kg 
injection of ropinirole, a dopamine receptor agonist, there was no statistical 
difference in latency to respond 15 minutes post-injection (PI), 30 minutes PI, 
or 60 minutes PI. Bars represent means with standard errors of the mean. * p 
< 0.05, ** p < 0.01. 
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Figure 4-7. Iron concentrations in the serum and striatum. (A) Homozygous Btbd9 

mutant mice showed a significant increase in iron levels in blood serum 
compared to WT mice. (B) However, there was no significant alteration in iron 
levels in the striatum between homozygous Btbd9 mutant mice and WT mice. 
Bars represent means with standard errors of the mean. ** p < 0.01. 
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Table 4-1. Primers located in the sixth of the Btbd9 gene. 
Primer 
Name Forward (5' → 3') Reverse (5'→ 3') Length Location of Forward 

Exon6 TTGAAGTGTCCATGGACGAACTTGATTGGA TCCAATCAAGTTCGTCCATGGACACTTCAA 30 -103 to -74 
10139 gagcaccaagccctacactgtttcacaatggga tcccattgtgaaacagtgtagggcttggtgctc 33 10,139 to 10,171 
6A tactctgggaattcttacaccaatgaactgc gcagttcattggtgtaagaattcccagagta 31 22,003 to 22,033 
29572 tctggataatcgtgccgtttaaaaccaagca tgcttggttttaaacggcacgattatccaga 31 29,572 to 29,602 
6B gtacaataggtcccgcgttagaagtcgaa ttcgacttctaacgcgggacctattgtac 29 37,001 to 37,029 
40880 tgatggttaagcatactgaagcagctttagc gctaaagctgcttcagtatgcttaaccatca 31 40,880 to 40,910 
51316 gacaggggcatttattctggtatcatga tcatgataccagaataaatgcccctgtc 28 51,316 to 51,343 
6C tatagagtaagaagagcaaacgtgggagca tgctcccacgtttgctcttcttactctata 30 59,997 to 60,026 
68504 gctcatctgattactggctactatactgtc gacagtatagtagccagtaatcagatgagc 30 68,504 to 68,533 
6D tcaaacatgcctaagataccttacctggatca tgatccaggtaaggtatcttaggcatgtttga 32 77,042 to 77,073 
89304 gtacaccaacaatggaaaacatgacacactcc ggagtgtgtcatgttttccattgttggtgtac 32 89,304 to 89,335 
100500 gagccgccctacccaacagttctcctcagc gctgaggagaactgttgggtagggcggctc 30 100,525 to 100,554 
101500 gaatactgccttgctctggttccgtccaaatccc gggatttggacggaaccagagcaaggcagtattc 34 101,501 to 101,534 
102000A ctgagatgattaacaagagctgagggct agccctcagctcttgttaatcatctcag 28 102,007 to 102,034 
102000B agatgattaacaagagctgagggct agccctcagctcttgttaatcatct 25 102,010 to 102,034 
102200 tcatgtgcacccgtgggaaagcttagtgt acactaagctttcccacgggtgcacat 29 102,195 to 102,223 
6E tgaaccattacatttagaagacgtggctga tcagccacgtcttctaaatgtaatggttca 30 102,501 to 102,530 
6EA aaccattacatttagaagacgtggctga tcagccacgtcttctaaatgtaatggtt 28 102,503 to 102,530 
110510 tgctctcaactcctttcctcctgtactgc gcagtacaggaggaaaggagttgagagca 29 110,510 to 110,538 
6F gtcctaccttatgattcaatcttagctgtc gacagctaagattgaatcataaggtaggac 30 118,494 to 118,523 
131246 gacatgagtcatagtataagaggggaatca tgattcccctcttatactatgactcatgtc 30 131,246 to 131,275 
6G gagtgttaaagatccctaaaggcttaagta tacttaagcctttagggatctttaacactc 30 144,007 to 144,036 
153043 gaagaaacgacgatggcctgttgaggttga tcaacctcaacaggccatcgtcgtttcttc 30 153,043 to 153,072 
6H ggaatctcctttgtacttttgctgccctgtac gtacagggcagcaaaagtacaaaggagattcc 32 162,001 to 162,032 
170481 gtgcagtgagcccctccacacagacaacatc gatgttgtctgtgtggaggggctcactgcac 31 170,481 to 170,511 
Exon7 GGACTCACAACACAGTGAACAAGATTTTC GAAAATCTTGTTCACTGTGTTGTGAGTCC 29 179,241 to 179,269 
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Table 4-2. Primers located in the β-geo gene trap vector.     
Name Forward (5' → 3') Reverse (5' → 3') Length 
v1531 GGTCCCAGGTCCCGAAAACCAAAGAAGA TCTTCTTTGGTTTTCGGGACCTGGGACC 28 
v1525 CAACCAGGTCCCAGGTCCCGAAAACCAAAGAAG CTTCTTTGGTTTTCGGGACCTGGGACCTGGTTG 33 
v1842 GCGATCTTCCTGAGGCCGATACTGT ACAGTATCGGCCTCAGGAAGATCGC 25 
v5472 CCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGC GCTCAGAAGAACTCGTCAAGAAGGCGATAGAAGG 34 
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Table 4-3. Non-Mendelian ratios of pups from heterozygous Btbd9 mutant mice 
interbreeding. 

Genotype  Expected  Observed  Chi-square value  p-value  
WT  20.5 35 -  -  
Het  41 34 9.391 0.0022 *  
KO  20.5 13 10.083 0.0015 *  
Total  82 82 14.195 0.0008**  
WT, Wild-type mice; Het heterozygous Btbd9 knockout mice; KO, homozygous 
Btbd9 knockout mice; * p < 0.05, ** p < 0.001. 

 
 
 
Table 4-4. No alterations in anxiety or stereotypical behaviors in open field. 
Parameter WT KO p-value 
Vertical Activity 181.45 ± 32.76 179.12 ± 55.86 0.97 
Center Time 302.77 ± 59.27 271.09 ± 101.07 0.81 
Center:Marginal Distance 0.321 ± 0.070 0.372 ± 0.120 0.74 
Stereotypy Count 1653 ± 238 1555 ± 407 0.85 
Vertical activity is presented as the number of beam breaks. Center time is 
presented in s. The ratio of center distance to marginal distance is presented in 
cm. Stereotypy count is presented as the number of counts. WT, wild-type mice; 
KO, homozygous Btbd9 knockout mice. 

 
 
 
Table 4-5. Wheel running activity parameters during normal 12:12 light, dark cycle 

(LD). 
Parameter WT KO p-value 
Alpha 12.3 ± 1.9  13.6 ± 0.6  0.519 
Light Counts 55.0 ± 16.2 112.8 ± 23.7 0.067 
Dark Counts 7,518 ± 1,829 13,440 ± 2,510  0.081 
Total Counts 7,573 ± 1,845 13,552 ± 2,532  0.081 
Alpha (activity period length) is presented in hours ± SEM. Light counts, dark 
counts, and total counts as number of counts ± SEM. WT, wild-type mice; KO, 
homozygous Btbd9 knockout mice. * p < 0.05. 
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Table 4-6. Wheel running activity parameters during constant darkness (DD). 
Parameter WT KO p-value 
Period 23.73 ± 0.05 23.80 ± 0.04 0.289 
Amplitude 1,543.7 ± 256.8 1,812.3 ± 292.9 0.504 
Alpha 11.5 ± 0.6 11.4 ± 0.6 0.853 
Average Counts 4.9 ± 2.2 11.1 ± 1.4 0.032* 
Alpha (activity period length) and chi-square periodogram-determined period is 
presented in hours ± SEM. Average counts are presented as number of counts 
± SEM. WT, wild-type mice; KO, homozygous Btbd9 knockout mice. * p < 0.05. 

 
 
 
Table 4-7. Polysomnographic sleep parameters during the rest phase. 
Parameter WT KO p-value 
Awake 5.50 ± 1.10 15.26 ± 2.36 0.020* 
SWS 93.05 ± 1.58 79.04 ± 1.23 0.002** 
REM 1.44 ± 1.05 5.70 ± 3.03 0.255 
Sleep Onset 0.27 ± 0.27 1.43 ± 2.36 0.42 
REM Onset 141.00 ± 115.17 9.60 ± 4.86 0.32 
WASO 5.15 ± 1.43 15.08 ± 2.50 0.03* 
Arousal Index 11.59 ± 1.24 24.93 ± 2.69 0.01* 
TW:TS 5.85 ± 1.22 18.19 ± 3.35 0.03* 
Awake, slow-wave sleep (SWS), rapid-eye movement (REM), sleep onset, and 
rapid-eye movement (REM) onset were normalized to total time and are 
presented in percentage of time ± SEM. Wake after sleep onset (WASO) is the 
time awake after the initial sleep bout and is normalized to total time and is 
presented in percentage of time ± SEM. Arousal index is the number of wake 
bouts per hour ± SEM. Total awake to total asleep (TW:TS) is the ratio of total 
awake time to total asleep time ± SEM. WT, wild-type mice; KO, homozygous 
Btbd9 knockout mice. * p < 0.05, ** p < 0.01. 
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Table 4-8. Levels of dopamine, serotonin, and their metabolites in the striatum. 
Neurochemical WT KO p-value 
Epinephrine 3.62 ± 1.468 3.21 ± 0.53 0.61 
Dopamine (DA) 44.05 ± 5.85 41.28 ± 4.53 0.25 
Serotonin (5-HT) 1.30 ± 0.04 1.40 ± 0.07 0.5 
DOPAC 15.60 ± 0.98 17.12 ± 1.40 0.74 
5-HIAA 0.26 ± 0.04 0.47 ± 0.07  0.04 * 
HVA 20.20 ± 2.21 22.29 ± 1.57 0.8 
DOPAC/DA 0.37 ± 0.08 0.43 ± 0.04 0.68 
HVA/DA 0.43 ± 0.03 0.56 ± 0.05 0.11 
5-HIAA/5-HT 0.20 ± 0.03 0.34 ± 0.06 0.07 
The values of neurochemicals represent means ± SEM in pmol/g of tissue. The 
turnover of metabolites is shown as ratios of neurochemicals. WT, wild-type 
mice; KO, homozygous Btbd9 knockout mice. * p < 0.05. 
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CHAPTER 5 

PART 3: ENHANCED HIPPOCAMPAL LONG-TERM POTENTIATION AND FEAR 
MEMORY IN BTBD9 KNOCKOUT MICE 

 

Field Recordings of Btbd9 Knockout Mice 

As the hippocampus is involved in learning and memory and extensively studied 

using electrophysiological techniques, we performed field recordings in hippocampal 

slices in the CA1 region to determine whether loss of the Btbd9 protein results in 

alterations in synaptic plasticity and/or neurotransmission. To test for post-synaptic 

deficits in the homozygous Btbd9 knockout mice, we obtained input-output curves, 

which measure the post-synaptic potential slope versus varying stimulus intensities. 

Homozygous Btbd9 knockout mice showed no change in their input-output relationship 

at individual stimulus intensity values and no change in the distribution of the curve 

compared to WT mice (p > 0.05; Figure 5-1A). Next, to examine short-term plasticity in 

the homozygous Btbd9 knockout mice, we looked at paired-pulse ratios (PPRs), which 

test the ability of two stimuli separated by varying time intervals to elicit an increased 

post-synaptic response. PPRs at three different inter-stimulus intervals were 

significantly enhanced in the homozygous Btbd9 knockout mice compared to WT mice 

(p < 0.05; Figure 5-1B). This suggests a decreased probability of synaptic vesicle 

release from the pre-synaptic terminal in the Btbd9 knockout mice. Next, to examine 

long-term plasticity in the Btbd9 knockout mice, we examined long-term potentiation 

(LTP). We observed a significant enhancement in late CA1 LTP in homozygous Btbd9 

                                            
Reproduced and adapted with permission from DeAndrade MP, Zhang L, Doroodchi A, 
Yokoi F, Cheetham CC, Chen HX, Roper SN, Sweatt JD, Li Y (2012b) Enhanced 
hippocampal long-term potentiation and fear memory in Btbd9 mutant mice. PLoS One 
7:e35518. 
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knockout mice compared to WT mice (p < 0.05; Figure 5-1C). This suggests an 

enhancement in long-term plasticity in the Btbd9 knockout mice.  

Whole-cell Recording of Btbd9 Knockout Mice 

To further explore these alterations, we examined miniature excitatory post-

synaptic currents (mEPSC) for alterations in amplitude, frequency, and rise and decay 

times. We found an increased frequency and decreased amplitude of mEPSC events in 

the homozygous Btbd9 knockout mice compared to WT mice (p < 0.01, Figure 5-2B), 

but no alteration in the rise and decay times (p > 0.05, Figure 5-2C). Increased 

frequency suggests that the number of vesicles released from the presynaptic terminal 

at rest is increased. Decreased amplitude suggests that the amount of glutamate per 

synaptic vesicle, the post-synaptic response to a single synaptic vesicle, or both, could 

be decreased. Additionally, we observed no change in the kinetics of the post-synaptic 

receptors, such as opening and closing of their respective channels.  

Fear Memory in Btbd9 Knockout Mice 

As alterations in hippocampal long-term potentiation are associated with 

alterations in hippocampal learning and memory, we performed a classical fear 

conditioning to test both cued fear memory, freezing behavior caused by an auditory 

stimulus, and contextual fear memory, freezing behavior caused by recall of the 

environment or context. The homozygous Btbd9 knockout mice exhibited no difference 

in behavioral response to the shock during the training period (p > 0.05, Figure 5-3A). 

Moreover, we observed no difference in the electrical shock required to elicit flinching, 

jumping, and vocalization behaviors between the homozygous Btbd9 knockout and WT 

mice (p > 0.05, Figure 5-3B). This suggests that the perception to the electrical shock is 

not different between homozygous Btbd9 knockout and WT mice. However, we 
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observed that the homozygous Btbd9 knockout mice had an enhancement of both cued 

(p < 0.05, Figure 5-4B) and contextual (p < 0.05, Figure 5-4B) fear memory, indicated 

by increased freezing behavior. This suggests that the Btbd9 mutant mice have an 

enhancement in learning and memory that correlates with the enhanced LTP.  

Analysis of Proteins Involved in Synaptic Transmission in the Btbd9 Knockout 
Mice 

To explore the molecular basis for the pre-synaptic alteration in the Btbd9 mutant 

mice, we performed western blot analyses to determine the level of several proteins 

involved in the Soluble NSF Attachment Protein Receptor (SNARE) complex, which are 

involved in synaptic vesicle docking, fusion, and endocytosis. We first determined the 

levels of the target-SNAREs syntaxin-1 and SNAP-25 and the vesicular-SNAREs 

synaptotagmin-1 and synaptobrevin-2. We also examined the levels of endocytosis 

proteins synaptophysin and dynamin 1. We found no statistical difference in the protein 

levels of synataxin-1, SNAP-25, synaptobrevin-2, synaptotagmin-1, or synaptophysin, 

suggesting there is no functional alteration in vesicular docking or fusion events (p > 

0.05, Figure 5-5A-E). However, the Btbd9 knockout mice exhibited increased levels of 

dynamin 1 compared to WT mice (p = 0.05, Figure 5-5F).  
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Figure 5-1. Hippocampal CA1 electrophysiological field recordings. (A) Homozygous 

Btbd9 knockout mice showed no differences in input-output relationships. 
Small inset graph is a representative trace with varying stimulus intensities. 
(B) Homozygous Btbd9 knockout mice showed enhanced paired-pulse ratios 
at three inter-stimuli values. Panel above graph are representative traces at 
the three inter-stimuli values that were significantly different between Btbd9 
mutant and WT mice. (C) Homozygous Btbd9 knockout mice showed 
enhanced late long-term potentiation. Small inset graphs are representative 
traces, with red signifying before LTP induction and black signifying after LTP 
induction. Circles represent means ± SEM. * p < 0.05. 
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Figure 5-2. Hippocampal CA1 electrophysiological whole-cell recordings. (A) 

Representative traces of mEPSC recording from WT and homozygous Btbd9 
knockout mice. (B) Homozygous Btbd9 knockout mice showed an increase in 
frequency and a decrease in amplitude of mEPSC events compared to WT 
mice. (C) Homozygous Btbd9 knockout mice showed no difference from WT 
in rise and decay times of mEPSC events. Bars represent means ± SEM ** p 
< 0.01. 
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Figure 5-3. Response to electric shocks. (A) Homozygous Btbd9 knockout mice showed 

no difference in their threshold to electrical shock in any of three measured 
behaviors – flinching, jumping, or vocalization. (B) Homozygous Btbd9 
knockout mice showed no difference in behavioral response on a rating scale 
of 1 to 5 to either of the electric shocks during the training phase of the fear 
conditioning experiment. (C) Homozygous Btbd9 knockout mice showed no 
difference in freezing behavior in the first 3 minutes of the cued fear 
conditioning test. Bars represent means ± SEM. 
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Figure 5-4. Freezing behavior in fear conditioning experiment. (A) Homozygous Btbd9 

knockout mice and WT mice were conditioned to two 30-second tones 
followed by an electric shock, with a shock interval of 120 seconds. Solid 
black rectangle represents the period of tone. The vertical line at represents 
the period of the shock. (B) Homozygous Btbd9 knockout mice had increased 
percentage of freezing behavior in both contextual and cued fear conditioning, 
suggesting that the homozygous Btbd9 knockout mice had enhanced fear 
memory. Vertical bars represent means ± SEM. * p < 0.05.
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Figure 5-5. Western blot analyses of synaptic proteins from hippocampal synaptosome 

fractions. Representative Western blot images and quantitative analysis of 
syntaxin-1 (A), SNAP-25 (B), synaptotagmin-1 (C), synaptobrevin-2 (D), 
synaptophysin (E), and dynamin 1 (F). Bars represent means ± SEM. * p = 
0.05. 
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CHAPTER 6 
CONCLUSION 

Rapid-Onset Dystonia-Parkinsonism 

Previously, our laboratory and others generated animal models of DYT1 and 

DYT11 dystonias (Dang et al., 2005; Sharma et al., 2005; Dang et al., 2006a; Yokoi et 

al., 2006; Grundmann et al., 2007; Yokoi et al., 2010), and tested for motor deficits, 

hyperactivity, and levels of neurotransmitters in the striatum. Therefore, we set forth 

characterize the first genotypic model of rapid-onset dystonia-parkinsonism using 

Atp1a3 mutant mice. 

Similar to human patients, we demonstrated that motor deficits could be triggered 

in female heterozygous Atp1a3 knockout mice by stress. Furthermore, we 

demonstrated that these motor deficits do not arise from a muscular weakness, in line 

with the origins of dystonia being in the central nervous system (Muller et al., 2002). 

While previous studies of mouse models of DYT1 and DYT11 dystonias showed similar 

decreases in motor performance between WT and mutant mice these mouse models do 

not shown a female bias of deficits similar to our results (Dang et al., 2005; Sharma et 

al., 2005; Dang et al., 2006a; Yokoi et al., 2006; Grundmann et al., 2007; Yokoi et al., 

2008; Yokoi et al., 2010),. Moreover, investigations to date do not reveal a female bias 

in RDP patients. We hypothesize that restraint stress effects females more than males, 

which is supported by other studies (Koehl et al., 2006). Therefore, we failed to trigger 

motor deficits in male Atp1a3 mutant mice, because they did not receive a strong 

enough stressor. 

Previously, Brashear and colleagues observed decreased levels of HVA in the 

CSF of RDP patients (Brashear et al., 1998a). However, we observed no difference in 



 

82 

dopamine, serotonin, or their metabolites between stressed heterozygous Atp1a3 

knockout and WT mice. It is important to note that Brashear and colleagues did not 

study the level of neurochemicals in the striatum of post-mortem tissue from RDP 

patients. Therefore, the discrepancy between our results and theirs could be due 

difference in the site of measurement (CSF versus striatum). 

The sensory system in animal models of dystonia is not well studied. However, 

dystonia patients exhibit alterations in temporal and spatial discrimination and 

integration of sensory signals (Tinazzi et al., 1999; Sanger et al., 2001; Tinazzi et al., 

2002; Aglioti et al., 2003; Molloy et al., 2003; Tinazzi et al., 2004; Fiorio et al., 2007). 

Similarly, stressed female heterozygous Atp1a3 knockout mice exhibited a 

hyposensitivity in the tail flick test. Investigators hypothesize sensory alterations in 

Parkinson’s disease and dystonia arise due to changes in the basal ganglia that 

disrupts the integration of sensory and motor information (Kaji et al., 2005; Peller et al., 

2006). 

Lastly, we conducted a wheel running experiment to measure voluntary activity 

levels. We hypothesized that mice exhibiting dystonic-like and/or parkinsonian 

symptoms would have decreased voluntary activity levels, due to the physical 

discomfort of running. Interestingly, stressed female heterozygous Atp1a3 knockout 

mice diverged into a hyperactive and a hypoactive group compared to stressed female 

WT mice. We hypothesize that these two groups likely represent a behaviorally 

penetrant group (hypoactive animals) and a behaviorally non-penetrant group 

(hyperactive group). We are actively conducting experiments to examine this hypothesis 

further. 
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Overall, stressed female Atp1a3 mutant mice model several key behavioral 

characteristics of RLS (DeAndrade et al., 2011). Therefore, future studies can be 

developed to understand the pathophysiology underlying RDP dystonia using Atp1a3 

mutant mice. 

Restless Legs Syndrome 

We generated a line of Btbd9 knockout mice to explore its utility as the first 

genotypic mouse model of RLS, with clear etiology to RLS (DeAndrade et al., 2012a; 

DeAndrade et al., 2012b). As direct application of standard diagnostic methods for RLS 

(e.g. IRLSSG rating scale) are not feasible, we thoroughly examined the Btbd9 

knockout mice for similar, relevant phenotypes. We found that the Btbd9 knockout mice 

exhibited motor restlessness, both in voluntary activity and total activity. Additionally, the 

Btbd9 knockout mice displayed hypersensitivity to warm stimuli that was likely limited to 

the rest phase. Additionally, the hypersensitivity could be rescued using the common 

RLS treatment ropinirole, a D2-like dopaminergic agonist. Furthermore, we observed 

decreased sleep time and increased wake time during the rest phase in the 

homozygous Btbd9 knockout mice. Lastly, we found elevated levels of iron in the serum 

and alterations in the monoamine neurotransmitter system in the homozygous Btbd9 

knockout mice. Therefore, these results suggest that the loss of Btbd9 in mice results in 

several behavioral and biochemical abnormalities that have particular relevance to RLS, 

including motor activity, sensory, and levels of monoamine neurotransmitters. Moreover, 

these results taken together suggest that BTBD9 is involved in RLS, and further studies 

of the Btbd9 KO mice are warranted to examine its role in RLS pathophysiology. 

Next, we analyzed the Btbd9 KO mice for alterations in synaptic plasticity and 

neurotransmission in the hippocampus, a brain region critical for learning and memory. 
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We found that the Btbd9 knockout mice exhibited enhanced hippocampal late long-term 

potentiation (LTP). Late LTP, unlike early LTP, is believed to be protein synthesis-

dependent due to its extended time period (Frey et al., 1988; Frey et al., 1996). 

Additionally, we observed enhanced cued and contextual fear memory in the Btbd9 

knockout mice compared to WT mice. Furthermore, in the electrophysiological 

recordings we observed enhanced paired-pulse ratios (PPR), a measure of neural 

facilitation, in the Btbd9 knockout mice. PPRs measure the ability of a second impulse 

to evoke the further release of synaptic vesicles from the pre-synaptic terminal. PPRs 

are on the order of milliseconds and seconds and therefore are a measure of short-term 

plasticity. PPRs are associated with an inverse probability of synaptic vesicle release, 

where increases in PPRs are indicative of a decreased probability of synaptic vesicle 

release and vice versa. Therefore, to determine if there are alterations in synaptic 

vesicle release we measured miniature excitatory post-synaptic currents (mEPSCs). 

The Btbd9 knockout mice exhibited decreased amplitude and increased frequency of 

mEPSC events. Decreased amplitude of mEPSC events suggest a decrease in quantal 

size of vesicular glutamate, a decrease in unit post-synaptic response, or both. 

Increased frequency of mEPSC events suggests that there is an increase in synaptic 

vesicle release at rest, which is opposite to our PPR results would suggest. It is worth 

noting that Kavalali and colleagues postulated that evoked responses, such as input-

output relationships, and spontaneous responses, such as mEPSC, may not be directly 

compared due to different synaptic mechanisms underlying them (Kavalali et al., 2011). 

To determine the molecular mechanisms underlying the observed changes , we 

measured the level of proteins that are involved in synaptic transmission and plasticity. 
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Btbd9 knockout mice exhibited an elevated level of dynamin 1. Dynamin is a GTPase 

associated with the cleavage of vesicles from the plasma membrane during endocytosis 

(Sweitzer and Hinshaw, 1998). Dynamin 1 knockout mice exhibit a decrease in synaptic 

vesicle recycling, possibly due to an inability of vesicles to be cleaved from the plasma 

membrane (Ferguson et al., 2007). Additionally, decreases in dynamin 1 levels 

correlated with the degree of memory impairment in a rat model of Alzheimer’s disease 

(Watanabe et al., 2010). Furthermore, treatment of these rats with memantine, a classic 

NMDA antagonist used to treat Alzheimer’s disease, resulted in decreased dynamin 1 

degradation and increased memory performance (Watanabe et al., 2010). 

Recently, Fà and colleagues demonstrated that dynamin 1 knockout mice exhibit 

reduced LTP, neurotransmitter release, and contextual fear memory (Fa et al., 2014). 

This work supports our hypothesis that the alterations in dynamin 1 are integral to the 

alterations in synaptic plasticity and neurotransmission in the Btbd9 knockout mice. It is 

possible that like other proteins with BTB domains, BTBD9 is involved in ubiquitination, 

and one of its targets is dynamin 1. Therefore, loss of BTBD9 results in impaired 

dynamin 1 ubiquitination, which causes an increase in dynamin 1 levels. Future work to 

understand the function of BTBD9 will need to be conducted. 

Of particular relevance, RLS patients have a decrease in pain threshold and 

temporal summation of heat pain, which has been hypothesized to be attributed to an 

alteration in the processing centers in the nervous system (Edwards et al. 2011).  

Furthermore, several studies have suggested that an enhanced synaptic plasticity in 

nociceptive pathways can cause heightened pain awareness (Gong et al. 2010; Ito et al. 

2001; Nakamura et al. 2010; Ruscheweyh et al. 2011). In particular, nociceptive nerves 
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can undergo long-term potentiation, which has been suggested as a possible 

mechanism underlying hyperalgesia (Ikeda et al. 2003). The Btbd9 KO mice had altered 

short- and LTP and neurotransmission in the hippocampus (DeAndrade et al. 2012b). 

While the hippocampus is not traditionally seen as involved in sensory processing, we 

hypothesize that similar synaptic alterations may be present in sensory centers, such as 

the thalamus or the spinal cord, which in turn can lead to an altered sensory perception 

and the odd sensations in RLS patients. 

Future Directions 

Rapid-onset Dystonia-Parkinsonism 

Electromyographic characterization of Atp1a3 mutant mice 

To date, no genotypic animal model of any type of dystonia exhibits overt 

dystonia. This has led to uncertainty over the validity of these mice as models of 

dystonia. Previously, Chiken and colleagues analyzed a transgenic mouse model 

overexpressing human DYT1 ΔGAG using a neuron-specific enolase promoter, a model 

of DYT1 dystonia, for alterations in EMG activity of the forelimb tricep and bicep brachii 

muscles (Chiken et al., 2008). The transgenic mice exhibited coactivation of these 

muscles and sustained muscle contractions greater than 10 seconds (Chiken et al., 

2008). However, the authors noted that the findings of their report could be due to other 

effects besides the overexpression of DYT1 ΔGAG, since their behavioral findings are 

not consistent with other overexpression models or the knock-in models of DYT1 

dystonia. Further complicating the study, the authors utilized mice ranging from 5 to 28 

weeks of age, non-littermate controls, and only mice exhibiting severe behavioral 

deficits (approximately 40% of mutant mice) (Chiken et al., 2008). 
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Therefore, we examined the EMG traces of Dyt1 ΔGAG knock-in mice, a 

different model of DYT1 dystonia that mimics the most prevalent mutation observed in 

patients, and WT mice during the active phase of the mice (ZT 12 to 24). We detected 

sustained contractions in all of the Dyt1 ΔGAG KI mice (Figure 6-1B, Table 6-1). 

However, none of the WT mice showed sustained contractions (Figure 6-1A, Table 6-1). 

Notably, we observed a wide range of sustained contractions in individual Dyt1 ΔGAG 

KI mice, which could be attributable to penetrance and severity of the disease. 

Furthermore, this suggests that the Dyt1 ΔGAG KI mice do have the hallmark feature of 

dystonia, which are sustained contractions. The next step is to conduct EMG analysis of 

the heterozygous Atp1a3 knockout mice similar to the Dyt1 ΔGAG mice. We expect to 

see similar sustained contractions in these mice. 

Generation and characterization of conditional knockout mice 

The α subunit (α1, α2, and α3) of the Na+/K+-ATPase has a selective inhibitor, 

ouabain, which is a naturally produced steroid hormone. Infusion of oubain into the 

cerebellum resulted in dystonic postures, while infusion of oubain into the basal ganglia 

resulted in parkinsonism (Calderon et al., 2011). However, it is important to note that 

ouabain as a natural steroid hormone has other targets, though to a much lesser degree 

than the α subunit, including MAP kinase phosphorylation (Haas et al., 2000), 

intracellular calcium signaling cascades (Aizman et al., 2001; Yuan et al., 2005), and 

NF-κB (Kawamoto et al., 2012). As signaling pathways in the cell undergo signal 

amplification, even very minor alterations in activation of these pathways could result in 

unintended and misappropriated phenotypes.  

Therefore, selectively knocking out the Atp1a3 gene in certain brain regions 

would be a better approach. One method to generate selective knockout uses Cre-loxP 



 

88 

technology. Both Cre and the loxP site are derived from the P1 bacteriophage. Cre is a 

member of the λ integrase superfamily, which when expressed will cleave DNA at one 

loxP site and ligate it to another cleaved loxP site through a Holliday junction. This will 

result in a contiguous strand of DNA with absolute fidelity. An advantage of the Cre-loxP 

system is that no additional proteins or cofactors are necessary for the recombination to 

occur. Moreover, the cre gene and loxP sequences are not naturally found in the mouse 

genome. Using genetic targeting, loxP sites can be inserted around a crucial exon of the 

Atp1a3 gene in the preceding and proceeding intronic sequences. Furthermore, these 

loxP sites are often inserted in a manner to cause a frame-shift mutation upon Cre 

mediated recombination, which will disrupt the transcription of the gene. Atp1a3 loxP 

mice can then be bred with mice expressing Cre in certain brain regions or cell 

populations. For instance, our laboratory previously generated the Rgs9L-cre mice, 

which expresses Cre primarily in medium spiny neurons of the striatum (Dang et al., 

2006b), and Emx1-cre, which limits Cre expression to the cerebral cortex and 

hippocampus (Guo et al., 2000). Another important Cre line that could potentially be 

used is the Pcp2-cre line, which expresses Cre in the Purkinje cells of the cerebellum 

(Barski et al., 2000). Another method of causing Cre mediated recombination is to inject 

the gene encoding Cre recombinase using adeno-associated virus into target regions 

(Ogasawara et al., 1999; Kaspar et al., 2002). The advantage of this system is that it 

can broadly cause Cre recombination in both neuronal and non-neuronal cells of the 

region of interest. 
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Restless Legs Syndrome 

Magnetic resonance imaging of Btbd9 KO mice 

Research in the 1970s through the 1990s led to the development of magnetic 

resonance imaging (MRI) and its utilization for in vivo analysis of tissue. This technique 

uses a strong magnet to align the protons of a desired tissue, e.g. the brain, and then a 

radio frequency electromagnetic pulse is used to alter this alignment. After the pulse is 

turned off, the protons will realign to the magnet at different rates depending on the 

dynamics of that tissue, which can be detected by a receiver. The first paramagnetic ion 

used to enhance MRI images was manganese (Lauterbur, 1973). Manganese (Mn2+) 

enters the cell primarily through voltage gated calcium (Ca2+) channels. Therefore, after 

a systemic injection of manganese, neurons that are more active will take up more 

manganese, whereas neurons that are less active will take up less manganese. We 

hypothesized that different brain regions are differentially activated or inactivated in the 

Btbd9 knockout mice compared to WT mice. The significance of this study is that it may 

lead to an understanding of how different brain regions contribute to the pathogenesis of 

RLS.  

In collaboration with Dr. Marcelo Febo, we imaged 6 WT mice (2 males, 4 

females), 6 Btbd9 knockout mice (2 males, 4 females) 24 hours after injection with 

approximately 70 mg of manganese chloride per kilogram of body weight. Additionally, 

we imaged 1 WT mouse with no prior injection of manganese as a negative control. 

After processing and aligning to a standard mouse atlas, we examined individual brain 

regions for activation levels. Overall, we observed a decrease in manganese signal in 

the Btbd9 knockout mice compared to WT mice (Figure 6-2). In particular we observed 

decreased signal in the hippocampus and the brainstem of Btbd9 knockout mice 
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(Student’s t-test, p < 0.05, Figure 6-3). Therefore, this suggest there is a decrease in 

neuronal activity at baseline in the Btbd9 knockout mice in the hippocampus and 

brainstem, which fits our finding of enhanced LTP in the Btbd9 knockout mice. We plan 

to conduct additional MRI experiments to elucidate how different brain regions 

contribute to RLS. 

Electrophysiological characterization of the spinal cord in Btbd9 KO mice 

In addition to the hypothesis that RLS originates in the basal ganglia, another 

hypothesis suggest that RLS originates in subcortical or spinal regions (Clemens and 

Hochman, 2004; Clemens et al., 2006; Trotti et al., 2008; Mahowald et al., 2010; 

Zwartbol et al., 2013). Therefore, we investigated Btbd9 knockout mice for alterations at 

the spinal cord level. In collaboration with Dr. Stefan Clemens of East Carolina 

University, we preliminarily analyzed the Btbd9 knockout mice for alterations in spinal 

reflex. Complete spinal cords were isolated from P14 old WT mice (n=4), heterozygous 

Btbd9 knockout mice (n=9), Btbd9 homozygous knockout mice (n=2), and baseline 

spinal reflex amplitudes were measured according to a previous study (Clemens and 

Hochman, 2004). Next, either dopamine or the quinpirole, a D2-like agonist, was 

applied to the spinal cords through the bath solution. We observed that when dopamine 

(10 μM) was applied, the WT mice responded with an increase in spinal reflex 

amplitude, whereas the homozygous Btbd9 knockout mice responded with a decrease 

in response (Student’s t-test, p < 0.001, Figure 6-4A). The heterozygous Btbd9 

knockout mice had an intermediary phenotype (Student’s t-test, p < 0.001, Figure 6-4A). 

Similarly, when quinpirole (10 μM) was applied, the WT mice responded with increased 

amplitude (Student’s t-test, p < 0.05, Figure 6-4B), and the homozygous Btbd9 knockout 

mice responded with a decrease in response. While this result opens up the possibility 
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of local spinal cord deficits in the Btbd9 knockout mice, it does not rule out the 

possibility of long-lasting descending modulation from cortex or other brain regions. 

Furthermore, these studies will need to be replicated in a larger sample size for 

validation purposes.  

Generation and characterization of conditional knockout mice 

Similar to modeling rapid-onset dystonia-parkinsonism in mice using conditional 

knockout mice, modeling restless legs syndrome could be benefited by similar studies. 

Our laboratory and others have proposed the centrality of the basal ganglia to restless 

legs syndrome. Using Btbd9 knockout mice we can attempt to answer this. If selectively 

knocking out the Btbd9 gene in the basal ganglia results in RLS-like phenotypes, this 

would suggest loss of Btbd9 in that region is important in the development of those 

phenotypes. The European Mutant Mouse Archive previously generated a line of Btbd9 

loxP mice. We imported this line and crossed it with the Rgs9L-cre line of mice to 

generate striatum-specific Btbd9 conditional knockout mice. As expected, there is 

significant reduction of Btbd9 mRNA in the striatum compared to control littermates (p < 

0.01, Figure 6-5), but not in the cerebral cortex or cerebellum (data not shown). It is 

worth noting that remaining Btbd9 expression in the striatum can be accounted for by 

the small subset of neurons (<5%) that do not express Cre, and non-neuronal cells such 

as glia. In a preliminary study, we examined 13 Btbd9 loxP-/- (6 males, 7 females) and 

19 homozygous striatum-specific Btbd9 conditional knockout mice (7 males, 12 

females) for behavior alterations. We observed hyperactivity in the striatum-specific 

Btbd9 conditional knockout mice compared to the WT mice in the open field apparatus 

(mixed-model ANOVA, p < 0.05, Figure 6-6). Further examination of locomotor and 

sensory phenotypes will be necessary. 
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Common Themes 

Disease Perspective 

While disparate diseases, several common themes exist between rapid-onset 

dystonia-parkinsonism and restless legs syndrome. Pathogenesis of both diseases is 

hypothesized to involve dysfunction of the dopaminergic system. Additionally, a recent 

study demonstrated that 44% of patients with cervical dystonia have impaired sleep 

quality, and 19% have restless legs syndrome (Paus et al., 2011). Both diseases may 

also encompass some aspect of sensory or nociception dysfunction. In cervical dystonia 

patients, the frequency of pain was 68 to 75% (Chan et al., 1991; Jankovic et al., 1991). 

In patients with blepharospasm, a type of focal dystonia affecting the muscles of the 

eye, an increase in photosensitivity has been reported (Stamelou et al., 2012). Sensory 

symptoms have been reported in a number of studies on RLS patients (Stiasny-Kolster 

et al., 2004a; Möller et al., 2010; Rizzo et al., 2010; Hornyak et al., 2011; Picchietti et 

al., 2011) (Happe and Zeitlhofer, 2003; Bachmann et al., 2010).  

Interestingly, a case report of a single patient with restless legs syndrome 

associated with generalized dystonia could be treated using deep brain stimulation 

(DBS). The symptoms for restless legs syndrome and dystonia were reported to be 

clearly distinguishable, and after bilateral DBS of the globus pallidus interna (GPi) there 

was resolution of the RLS symptoms (urge to move and uncomfortable sensations) and 

the dystonic symptoms (dystonic spasms and associated pain) (Okun et al., 2005). As 

both diseases are hyperkinetic disorders, similar alterations could underlie the 

pathogenesis, perhaps in the basal ganglia. 
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Animal Model Perspective 

Prior to these studies, no animal model of rapid-onset dystonia-parkinsonism had 

been reported. Therefore the methods to comprehensively assess a mouse line as a 

model of the disease had to be developed. We did this by adapting previously 

established models of other genotypic models of dystonia to the specific needs of rapid-

onset dystonia-parkinsonism. Similarly, prior to our studies in restless legs syndrome, 

no single study comprehensively studied a potential mouse model of RLS. However, 

several studies have proposed methods to test a mouse model of RLS, but in our 

opinion were still incomplete, and therefore additional tests were needed. In both animal 

models, we utilized similar techniques. For instance, in both animal models we used the 

open field and wheel running tests to measure locomotor activity, and the tail flick test 

was used to identify sensory alterations to warm stimuli. While neither the Atp1a3 

heterozygous knockout mice nor the Btbd9 homozygous knockout mice completely 

model all aspects of their respective disease, we believe that these animals model 

certain perspectives of the disease and could be used to elucidate pathophysiology and 

develop novel therapeutics in future studies.
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Figure 6-1. Electromyographic traces of the bicep femoris muscle. (A) Representative 
trace from a wild-type mouse. (B) Representative trace from a Dyt1 ΔGAG 
mouse with a sustained contraction. Analysis revealed that sustained 
contractions were only present in Dyt1 ΔGAG mice, but never observed in 
wild-type mice. 

 
 
 



 

95 

 

Figure 6-2. MEMRI scans. We scanned Btbd9 knockout and WT mice an aligned it to a 
mouse brain atlas. Next, we generated Z score maps of Btbd9 knockout and 
WT mice, and observed a general decrease in MRI signal in Btbd9 knockout 
mice. 
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Figure 6-3. Quantification of MEMRI signals. (A) Normalized signal intensity and (B) 
volume of MEMRI signals revealed decreased signal in the brainstem and 
hippocampus of Btbd9 knockout mice compared to WT mice. Bars represent 
means ± SEM. * p < 0.05, ** p < 0.01.
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Figure 6-4. Spinal reflex amplitude in response to dopamine and the D2-like agonist 
quinpirole. (A) WT mice showed an increase in amplitude in response to 
dopamine, whereas the homozygous Btbd9 KO mice showed a decrease in 
response to dopamine. (B) WT mice showed an increase in amplitude in 
response to quinpirole, whereas the homozygous Btbd9 KO mice showed a 
decrease in response to quinpirole. Bars represent means ± SEM. * p < 0.05, 
*** p < 0.001. 

 

 

Figure 6-5. Quantitative RT-PCR revealed a specific reduction of Btbd9 mRNA in the 
striatum of the Btbd9 sKO mice. Bars represent means ± SEM. ** p < 0.01. 
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Figure 6-6. Open field activity. Open field activity showed that the Btbd9 sKO mice are 

hyperactive compared to Btbd9 loxP control animals. Bars represent means ± 
SEM. * p < 0.05. 
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Table 6-1. Sustained contractions in wild-type and Dyt1 KI mice. 

Animal Protocol 1 Protocol 2 Protocol 3 
(5 times baseline) (4 times baseline) (3 times baseline) 

Wild-type 1 0 0 0 
Wild-type 2 0 0 0 
Wild-type 3 0 0 0 
Knock-in 1 1 4 41 
Knock-in 2 5 16 134 
Knock-in 3 0 0 23 
Numbers represent the number of sustained contractions present in each 
individual animal. Protocol 1: Sustained contractions are defined as 
contractions that are 20 μV or greater for at least 10 s with a joint interval of 2 s. 
Protocol 2: Sustained contractions are defined as contractions that are 16 μV or 
greater for at least 10 s with a joint interval of 2 s. Protocol 3: Sustained 
contractions are defined as contractions that are 12 μV or greater for at least 10 
s with a joint interval of 2 s. 
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