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ABSTRACT 

Title of Thesis: Evaluation of Motor Function in Mouse Models of KCNMA1-linked 

Channelopathy 

Cooper Roache, Master of Science, 2021 

Thesis Directed by: Andrea Meredith, Ph.D., Professor, Department of Physiology 

 KCNMA1-linked channelopathy is a rare neuromuscular disease associated with 

patient phenotypes of paroxysmal non-kinesigenic dyskinesia (PNKD). The N999S and 

D434G variants of the BK channel-encoding KCNMA1 gene currently comprise the largest 

patient cohorts. Heterologous cellular systems expressing N999S and D434G mutations 

show gain-of-function property changes, while KO mouse models (Kcnma1–⁄–) show 

tremors and ataxia associated with increased neuronal excitability of cerebellar Purkinje 

neurons. Thus, it can be hypothesized that KCNMA1 variants would cause dyskinesia 

phenotypes in mice. However, there is a lack of evidence in literature suggesting that BK 

channel property changes from KCNMA1 variants cause PNKD patient phenotypes. In this 

study, mice harboring N999S (Kcnma1N999S/WT) and D434G (Kcnma1D434G/WT) mutations 

are exposed to a series of assays evaluating motor function for dyskinesia characteristics. 

Validation of dyskinesia phenotypes in these mouse models could shape future 

investigations in molecular mechanisms of genotype-phenotype relations and 

pharmacologic treatment options.  
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CHAPTER 1: INTRODUCTION 
 

1.1. Patient PNKD Phenotypes of the Largest Cohorts of KCNMA1-linked 

channelopathy 

KCNMA1-linked channelopathy is a rare neuromuscular disease that is associated 

with varying movements disorders, epilepsy, developmental delays and intellectual 

disabilities (Bailey et al., 2019). There are currently 37 known patient variants of the 

KCNMA1 gene that are associated with these symptoms. The N999S and D434G variants 

currently comprise the largest cohorts of patients and are associated with abnormal 

involuntary movements without seizure activity called dyskinesia. Dyskinesia can include, 

but is not limited to, ataxia, tremors, dystonia (abnormal posturing), chorea 

(twisting/writhing), hyper/hypokinesis (excessive or lack of movement) and myoclonus 

(jerking movements). KCNMA1 patients harboring N999S and D434G variants show 

symptoms of paroxysmal non-kinesigenic dyskinesia (PNKD) (Bailey et al., 2019; Miller 

et al., 2021). PNKD is defined by the episodic (paroxysmal) onset and termination of 

dyskinesia, as opposed to baseline dyskinesias that are continually present like ataxia and 

tremors. PNKD movements are not provoked by sudden movement (non-kinesigenic). 

Rather, triggers of some PNKD types can include stress, sleep deprivation, alcohol and/or 

caffeine (Garone et al., 2020; McGuire et al., 2018). The episodic attacks (paroxysms) 

show no epileptic EEG activity and patients maintain consciousness (Keros et al., 2021; 

Miller et al., 2021). The N999S and D434G variants are associated specifically with PNKD 

type 3. Unlike the paroxysms of PNKD that last minutes to hours and occur a few times a 

day, PNKD3 paroxysms are shorter and more frequent (hundreds of times per day) 

(McGuire et al., 2018; Miller et al., 2021). 
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Though both D434G and N999S variants are associated with PNKD3, they are also 

associated with other varying characteristics. D434G patients have been associated with 

both generalized tonic-clonic seizures, involving rapid, involuntary jerking movements, 

and absence seizures, involving seizure activity associated with immobility (Du et al., 

2005). The D434G variant was first reported in a family of thirteen affected individuals 

with either generalized epilepsy, paroxysmal dyskinesias (PxDs) or both. The individuals 

carried the heterozygous allelic configuration. It is the only variant to be identified 

clinically from a patient pedigree and shows autosomal dominant inheritance. It was 

reported that alcohol was a common trigger of patient dyskinesia paroxysms, which is 

consistent with some forms of PNKD. 

The N999S variant has now been identified in twelve unrelated patients. These 

N999S patients exhibit similar symptoms to D434G patients including epilepsy,  PNKD or 

both (Miller et al., 2021). Patients also carry the heterozygous allelic configuration of the 

variant. Unlike the D434G variant, the N999S variant thus far arises de novo with no 

generational inheritance. Early-onset and developmental delays have been reported in 

N999S patients (Heim et al., 2020; J. Heim, 2019; Wang et al., 2017; Zhang et al., 2015). 

Paroxysms of both D434G and N999S patients have been described in terms of ‘drop 

attacks’ in which dyskinetic movements resemble cataplexy (immobility with axial 

hypotonia and dystonic posturing of extremities) (Du et al., 2005; Heim et al., 2020; J. 

Heim, 2019; Miller et al., 2021). Excitement, fatigue and general strong emotions have 

been identified as triggers common to multiple N999S patients (Heim et al., 2020; Keros 

et al., 2021; Wang et al., 2017). Like D434G patients, three N999S patients have also 

shown absence seizures (Heim et al., 2020; Li et al., 2018). Though anti-seizure 
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medications are recommended for treatment, they are not effective in resolving dyskinesia. 

One N999S patient was found to have paroxysms further provoked by the anti-seizure 

medication oxcarbazepine (Wang et al., 2017). There is a lack of literature on mechanisms 

of changes in neuronal activity causing ‘drop attacks’ in KCNMA1 patients. As such, this 

has made understanding and characterizing the disease difficult, as well as investigating 

effective treatment. 

 

1.2. BK Channel Background and Expression 

The KCNMA1 gene encodes the alpha subunit of BK channels – large-conductance 

voltage- and Ca2+-activated K+ channels that produce a rapidly activating outward current 

in response to membrane depolarization and increases in Ca2+ concentration (Dworetzky et 

al., 1994; McCobb et al., 1995; Pallanck and Ganetzky, 1994). In neurons, they are 

associated with regulation of repolarizing and afterhyperpolarizing (AHP) phases in action 

potentials (APs) (Faber and Sah, 2002; Fagerberg et al., 2014; Gu et al., 2007; Shao et al., 

1999). BK channels are also associated with regulation of Ca2+ influx that signal pre-

synaptic neurotransmitter release and synaptic plasticity of dendrites (Misonou et al., 2006; 

Raffaelli et al., 2004; Rancz and Hausser, 2006). 

Through sequencing of total RNA, BK channels have been found to be expressed 

primarily in brain tissue, with only smooth muscle tissue (i.e., uterus, bladder, prostate and 

endometrium) surpassing brain tissue expression (Duff et al., 2015; Fagerberg et al., 2014). 

In mice, BK channels are expressed in brain regions associated with motor control 

including the cerebellum, striatum and motor/somatosensory cortex (Sausbier et al., 2005). 

Additionally, BK channels are found in the neuromuscular junction (NMJ) and skeletal 
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muscle (Tricarico et al., 1997; Vatanpour and Harvey, 1995) (Appendix 1). In regulating 

APs and neurotransmitter release, changes in BK channels across these body regions could 

be factors in causing the display of dyskinesia phenotypes associated with KCNMA1 

patients. 

In the brain, the olivo-cerebellar circuit involves Purkinje neurons associated with 

regulation of motor timing and coordination (Welsh et al., 1995). Purkinje neurons with  

KCNMA1 gene deletions show a decrease in excitability through lower frequency neuronal 

firing rates. This decrease in neuronal excitability is also associated with ataxia in 

KCNMA1 KO (Kcnma1–/–) mouse models (Chen et al., 2010). Another brain region 

involved in motor function, the striatum, is responsible for motor control through precision 

movements and motor learning processes (Rueda-Orozco and Robbe, 2015). BK channels 

are associated with regulating repolarization of the AP in striatal cholinergic interneurons. 

Though BK channels are associated with AHP regulation, only slow AHPs have been 

investigated in striatal neurons, associated with small conductance potassium (SK) 

channels (Bennett et al., 2000; Goldberg and Wilson, 2005; Wilson and Goldberg, 2006). 

The regulation of AP repolarization in striatal neurons could suggest involvement of BK 

channels in neuronal excitability, similar to Kcnma1-deleted Purkinje neurons. Next, BK 

channels in the somatosensory cortex, involved in processing sensory information, can 

block neuronal excitation. This is evident through pharmacological block of the channel 

increasing neuronal firing rates (Benhassine and Berger, 2009). There has also been recent 

evidence of BK channel association in synaptic plasticity of somatosensory neurons 

through negative feedback of intracellular-Ca2+-regulating N-methyl-D-aspartate (NMDA) 

receptors (Gómez et al., 2021). Finally, unlike these prominent areas of motor control and 
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movement coordination, there is a lack of literature on the roles of BK channels in the 

motor cortex, either on a cellular or behavioral level. However, the motor cortex is involved 

in neuronal pathways with parts of the striatum, somatosensory cortex and cerebellar 

vermis (responsible for posturing and locomotive control in the cerebellum) (Coffman et 

al., 2011; Künzle, 1975; Veinante and Deschenes, 2003). All of these brain regions 

associated with motor control express BK channels and could be factors in KCNMA1 

patient dyskinesia (Sausbier et al., 2005). 

 

Figure 1.1. Expression of BK channels in brain regions associated with motor control, 
coordination and processing. (A) Sagittal slice of brain. Cerebellar Purkinje neurons are 
principle output neurons of the cerebellum that form projections along the olivo-cerebellar 
circuit which inhibit target cells of deep cerebellar nuclei (Fredette and Mugnaini, 1991). 
In the somatosensory cortex, dysfunction of the magnesium transporter NIPA2 reduces BK 
channel function and in turn enhances neuronal excitability in somatosensory pyramidal 
neurons (Liu et al., 2019).  (B) Striatum in relation to thalamus, amygdala and hippocampus 
locations. BK channel blockers broaden the AP width in the repolarizing phase while Ca2+ 

chelators do not (Bennett et al., 2000; Goldberg and Wilson, 2005). This suggests a 
colocalization of Ca2+ and BK channels in striatal neurons as BK channels are activated by 
Ca2+ (Goldberg and Wilson, 2005). (C) Neuromuscular junction (NMJ) with image 
modified from (Campanari et al., 2016). In the NMJ, BK channel blockers, such as 
iberiotoxin, decrease fast AHP amplitude, broaden the repolarizing phase and increase pre-
synaptic release of ACh (Ford and Davis, 2014; Pattillo et al., 2001; Vatanpour and Harvey, 
1995)
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Along with motor control brain regions, the NMJ and skeletal muscles could be 

additional factors in dyskinesia phenotypes. NMJ is the synapse where peripheral motor 

neurons terminate at muscle fibers. BK channels are associated with regulation of 

acetylcholine (ACh) neurotransmitter release from the pre-synaptic terminals (Robitaille 

and Charlton, 1992; Vatanpour and Harvey, 1995). Observed in Drosophila, Xenopus and 

mouse NMJ’s, BK channels also regulate repolarization and fast AHP phases of APs (Ford 

and Davis, 2014; Pattillo et al., 2001; Vatanpour and Harvey, 1995). Through this 

mechanism, increases in neuromuscular signaling could be associated with the phenotypes 

of tremor and ataxia in Kcnma1–/– mice.  

In skeletal muscles, BK channels show multiple distinct properties associated with 

channel transcript splice variants of varying current amplitude, Ca2+-sensitivity and drug 

response (Dinardo et al., 2012; Maqoud et al., 2017). These property differences have been 

observed between fast and slow-twitch muscle fibers of rats (Tricarico et al., 2005). 
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Additionally, BK channels are associated with regulating intracellular Ca2+ which drives 

proliferation of myoblasts in skeletal muscles. Myoblasts from humans with myotonic 

dystrophy 1, a disease characterized by muscle weakness and wasting, show fewer 

functional BK channels leading to alterations of intracellular Ca2+ levels. This results in 

increased myoblast proliferation with a decreased ability to differentiate into muscle-

forming myotubes (Tajhya et al., 2016). In support of this, Kcnma1–/– rat models show 

muscle atrophy and decreased grip strength (He et al., 2021). This muscle weakness 

phenotype could confound interpreting presentations of dyskinesia in KCNMA1 patients. 
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Region Expression Level 
 

Cerebral cortex External granule cell layer (II) +++ 

External pyramidal cell layer (III) +++ 

Internal granule cell layer (IV) +++ 

Internal pyramidal cell layer (V) +++ 

Striatum Dorsal striatum (caudate/putamen) ++ 

Nucleus accumbens +++ 

Cerebellum Cortical Purkinje cell layer ++++ 

Deep cerebellar nuclei ++++ 

Pons and medulla 
(Olivo-cerebellar 
circuit) 

Inferior/superior olivary complex + 

Superior paraolivary nucleus + 

Paraolivary nuclei ++ 

Periolivary nuclei + 

Neuromuscular junction Pharmacologic blockade of 
mouse nerve-muscle 
preparation abolishes BK 
channel currents (Vatanpour 
and Harvey, 1995) 
 

Skeletal muscle Single channel currents 
recordings of BK channels  
from skeletal muscle fibers 
of adult rats observed in 
(Tricarico et al., 1997) 
 

 
Table 1.1. Expression of BK channels across movement- and motor-related areas of 
the central and peripheral nervous system. Table modified from immunofluorescent 
staining results of (Sausbier et al., 2005), excluding neuromuscular junction and skeletal 
muscle (descriptions in table). Expression classified as: +, few; ++, moderate, intermediate; 
+++, high; ++++, very high. 
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1.3. Rodent Models of Dyskinesia 

Rodent models of dyskinesia provide a means validating genotype-phenotype 

associations, investigating of molecular mechanisms and treatment of disease. Baseline and 

paroxysmal motor dysfunction have been investigated in rodent models of varying 

dyskinesia types. First, Huntington’s disease has been investigated in the context of mice 

with extended CAG repeats in the huntingtin (HTT) gene. These mice have a baseline 

tremor, ataxia and increase in stereotypic behaviors. However, HD mice do not show any 

phenotypes of paroxysms outside of their baseline dyskinesia (Mangiarini et al., 1996). 

This is similar to the exclusive baseline dyskinesia phenotypes seen in Kcnma1–/– mice and 

serve as a useful comparison to paroxysmal dyskinesias (Meredith et al., 2004; Sausbier et 

al., 2004). 

While Huntington’s disease mouse models show baseline dyskinesia phenotypes, 

other models show paroxysmal dyskinesias. Mouse models of Ca2+ channelopathies display 

a range of both baseline and paroxysmal dyskinesia phenotypes that include dystonic (rigid, 

abnormal) posturing, choreiform (writhing) movements and tonic-clonic (rhythmic 

contraction) movements. These mouse models are also associated with absence seizure 

activity (Shirley et al., 2008). Tottering and Rocker mice have spontaneous mutations in 

the CACNA1A gene that encodes the α1a subunit of P/Q-type calcium channels. Both 

mouse models have a baseline ataxia described by wide stance and unsteady gait. However, 

these mouse models have different dyskinesia characteristics. Rocker mice have a lower 

frequency of paroxysms for shorter durations than Tottering mice (Shirley et al., 2008). 

Both mouse models displayed dystonic trunk and limb flexion, though Tottering mice 

display more tonic-clonic movement of the hindlimbs (Fureman et al., 2002; Shirley et al., 
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2008). To test for triggers of paroxysms, Tottering mice have been given injections of 

caffeine and ethanol and exposed to multiple environmental disturbances. Each one of 

these triggers results in an increase in paroxysms, similar to triggers of some PNKD types 

(Fureman et al., 2002; Garone et al., 2020; McGuire et al., 2018). The range of phenotypes 

from Ca2+ channelopathy mouse models demonstrates that a variety of dyskinesias can arise 

from mutations of a single channel gene. Also, Ca2+ channelopathies could be relevant to 

KCNMA1-linked channelopathy due to BK channels’ Ca2+-dependent activation 

(Dworetzky et al., 1994; McCobb et al., 1995; Pallanck and Ganetzky, 1994). 

Recently, proline-rich transmembrane protein 2 (PRRT2) has been identified as the 

cause of another paroxysmal dyskinesia in patients with autosomal dominant inheritance 

(Chen et al., 2011). Since then, mouse models of PRRT2-deficiency and KO have been 

developed to further investigate this dyskinesia. PRRT2 KO mice show backwards 

locomotion, uncontrolled grooming and spontaneous dyskinetic movement of unknown 

origin (Michetti et al., 2017; Robertson et al., 2019). PRRT2-deficient mice show higher 

dyskinesia scoring upon optogenetic stimulation of the cerebellar vermis (Tan et al., 2018). 

However, the choreiform movements associated with scoring dyskinesia in both Ca2+ 

channelopathy and PRRT2 mouse models do not resemble cataplexic/immobile nature of 

KCNMA1 ‘drop attacks’ (Du et al., 2005; Heim et al., 2020; J. Heim, 2019; Miller et al., 

2021; Shirley et al., 2008; Tan et al., 2018). 

On the other hand, the PNKD gene, formerly known as MR1, has been associated 

with an autosomal dominant PNKD disorder (Lee et al., 2012; Rainier, 2004). The PNKD 

gene product is expressed in the striatum, cerebellum and spinal cords of mice. PNKD is 

expressed in both dopaminergic neurons projecting to the striatum as well as Purkinje cells 
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of the cerebellum. PNKD KO mice show no spontaneous paroxysms while mutant mice 

harboring patient mutations (PNKD mut-Tg) show spontaneous paroxysms of abnormal 

limb movement and excessive stereotypic movements upon stressful handling (Lee et al., 

2012). Also, only PNKD mut-Tg show axial stiffness upon ethanol-induced paroxysms that 

more resemble ‘drop attack’ paroxysms in KCNMA1 patients (Bailey et al., 2019; Lee et 

al., 2012). Both caffeine and ethanol injections resulted in higher levels of dopamine 

metabolites in the striatum associated with these paroxysms. This dysregulation of 

dopamine in PNKD mut-Tg mice suggests a role in striatum for motor dysfunction, though 

the cortical regions cannot be ruled out (Lee et al., 2012). As PNKD mut-Tg mice have 

paroxysmal dyskinesia trigger from stress, ethanol and caffeine, they more closely model 

PNKD compared to other models of dyskinesia. 

However, evaluating rodent models of dyskinesia poses innate difficulties. First, 

differences in gait, weight-bearing and posturing make it difficult to relate phenotypes 

observed in rodent models to human patient phenotypes. For example, early symptoms of 

motor dysfunction in Huntington’s disease include involuntary orofacial and distal 

extremity movements (Roos, 2010). In a rodent model, these movements occur on a much 

smaller scale and can be hard to distinguish. Additionally, describing KCNMA1 patient 

PNKD ‘drop attacks’ in rodent models could hold its own challenges. Immobility and 

rigidity of extremities may not present itself in a recognizable manner – quadrupedal 

rodents may not collapse like KCNMA1 patients do during ‘drop attacks.’ Additionally, 

clinical reports of dyskinesia are often presented as case studies and can be limited to 

qualitative clinical observation of behavior as a diagnosis. This can lend itself to starting 

investigation of disease mechanisms in molecular and rodent models, but lacks quantitative 
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findings that can directly correlate with these models. This is most often the case when 

quantitative clinical diagnostics are invasive, such as muscle probing. Therefore, these 

difficulties in human-rodent model relations should be considered when interpreting 

genotype-phenotype relations. 

 

Mouse Strain Baseline 
Dyskinesia 

Paroxysmal 
Dyskinesia 

Epilepsy Source 

Kcnma1–/– Ataxia, tremor No No (Meredith et al., 2004; 
Sausbier et al., 2004) 

R6 (HTT) Ataxia, tremor, 
chorea 
 

No No (Mangiarini et al., 1996) 

Ca2+ 
channelopathies 
(Cacna1a 
Cacnb4 
Cacng2) 
 

Ataxia PxD Absence (Fureman et al., 2002; 
Khan et al., 2004; Khan 
and Jinnah, 2002; 
Shirley et al., 2008) 

PRRT2 
deficient/KO 
 

No PKD No (Michetti et al., 2017; 
Tan et al., 2018) 

PNKD mut-Tg No PNKD No (Lee et al., 2012) 

 
Table 1.2. Comparative rodent models of dyskinesia. Rodent models associated with 
baseline and paroxysmal forms of dyskinesia based on prior literature available of motor 
and behavioral assessments. PxD = paroxysmal dyskinesia (unknown trigger); PKD = 
paroxysmal kinesigenic dyskinesia; PNKD = paroxysmal non-kinesigenic dyskinesia. 

 

1.4. Phenotypes of KCNMA1 Patient Variants in Cellular Expression Systems and 

Rodent Models 

About half of KCNMA1 variants are divided into characterizations of gain-of-

function (GOF) and lose-of-function (LOF) properties based on changes in BK channel 

function in cellular heterologous expression systems (Bailey et al., 2019; Miller et al., 
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2021). KCNMA1 GOF variants are characterized by an increase in BK channel current 

magnitude or duration, whereas LOF variants impose a decrease in current magnitude or 

duration. Other variants are defined as either benign, showing no significant change in BK 

channel current magnitude or duration, or of unknown significance (Miller et al., 2021). In 

heterologous expression systems, both D434G and N999S mutations speeds BK channel 

opening and slows closing, as well as opening occurring at more hyperpolarizing voltages. 

These functional changes have thus categorized both variants as GOF (Diez-Sampedro et 

al., 2006; Du et al., 2005; Li et al., 2018; Moldenhauer et al., 2020; Wang et al., 2009; 

Yang et al., 2010). 

D434G mutations show activation at more hyperpolarizing voltages at given Ca2+ 

concentrations with smaller changes in voltage-sensitive activation at increasingly 

saturated concentrations of Ca2+ (Du et al., 2005; Wang et al., 2009; Yang et al., 2010). 

This indicates that BK channels with the D434G mutation have increased Ca2+-sensitivity, 

but not as much increased voltage-sensitivity. On the other hand, N999S mutations also 

show activation at more hyperpolarizing voltages, but with little difference in V1/2 (test 

voltage at half the maximal conductance) in varying Ca2+ concentrations (Li et al., 2018; 

Moldenhauer et al., 2020). This indicates that unlike BK channels with D434G mutations, 

N999S mutant channels have an increased voltage sensitivity independent of Ca2+ gating. 

Compared to D434G mutant channels, N999S mutant channels activate faster and at more 

hyperpolarizing voltages. This results in an increased current magnitude in evoked APs of 

N999S mutant channels over D434G, suggesting that the N999S variant has stronger GOF 

than D434G (Moldenhauer et al., 2020). 

Though KCNMA1 variants are associated with changes in BK channel properties 
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and PNKD in patient harboring these variants, there is lack of family pedigrees and 

evidence in existing literature that these variants cause the PNKD observed in patients. 

Along with N999S and D434G variants, two LOF variants are associated with ataxia, 

tremor, axial hypotonia and generalized epilepsy. These LOF variants, R1097H and 

H444Q, are observed to display PNKD in one patient of each variant type (Bailey et al., 

2019; Miller et al., 2021). Additionally, because the absence of BK channels implicitly 

abolishes BK channel currents, Kcnma1–/– mice can be considered the most severe LOF 

model. Kcnma1–/– mice show shorter strides than their WT controls in paw-print gait 

analysis, implicating a pervasive phenotype of ataxia. These mice also showed impaired 

performance on motor assays including walking beam, rotarod and hanging wire assays, 

which test balance, locomotor coordination and grip respectively (Meredith et al., 2004; 

Sausbier et al., 2004). These Kcnma1–/– mouse phenotypes are associated with decreases in 

neuronal excitability as well. This occurs in KO models of BK channel-expressing 

cerebellar Purkinje neurons, which are known for locomotor regulation (Chen et al., 2010). 

Bridging the gap between these cellular/physiologic roles of BK channels and 

patient symptoms is necessary to the mechanistic understanding of KCNMA1-linked 

channelopathy. Based on prior studies it is known that: (a) N999S and D434G variants are 

clinically associated with PNKD and show GOF effects on BK channel property in cellular 

heterologous expression systems, (b) R1097H and H444Q LOF variants also show clinical 

association with PNKD and (c) Kcnma1–/– mice, considered to be a severe LOF model, 

show baseline ataxic dyskinesia that are associated with decreases in excitability of 

locomotor- and coordination-regulatory cerebellar Purkinje neurons. Thus, it is 

hypothesized that KCNMA1 variants will cause dyskinesia phenotypes in mice. Validation 
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of patient phenotypes in these KCNMA1-linked channelopathy mouse models provides a 

means for further investigation into causal mechanisms of patient PNKD. This hypothesis 

will be tested through the following specific aims. 
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CHAPTER 2: SPECIFIC AIMS AND RATIONALE 
 

In order to test the hypothesis that KCNMA1 variants cause dyskinesia in mice, 

motor assays are necessary to evaluate Kcnma1N999S/WT and Kcnma1D434G/WT phenotypes. 

The hypothesis would be supported by these mice exhibiting motor abnormalities through 

dyskinesia paroxysms like KCNMA1 PNKD patients. However, Kcnma1N999S/WT and 

Kcnma1D434G/WT mice do not exhibit any apparent dyskinesia paroxysms or baseline motor 

abnormalities upon everyday caretaking observation. This is opposed to Kcnma1–⁄– mice, 

who show an apparent tremor upon handling and noticeable hyperactivity within their 

home cage. Additionally, other rodent models of dyskinesia have been evaluated with 

elicited and spontaneous motor assays to characterize more specific aspects of motor 

phenotypes, including Kcnma1–⁄– mice. Performance deficits and motor abnormalities in 

these assays can provide further insight to the quality and severity of motor phenotypes in 

these dyskinesia models. As such, it would be expected that Kcnma1N999S/WT and 

Kcnma1D434G/WT mice would show similar motor assay abnormalities, as outlined in each 

specific aims section. 

The hypothesis is tested through a series of spontaneous and non-spontaneous 

motor assays on CRISPR-generated mice harboring N999S (Kcnma1N999S/WT) and D434G 

(Kcnma1D434G/WT) GOF mutations. As mice harboring patient LOF variants are not 

currently available at the time of this study, Kcnma1–⁄– mice represent severe LOF baseline 

dyskinesia, as well as positive controls of assays with prior results from Kcnma1–⁄– 

literature. All WT littermates are used as negative controls to establish normal motor 

performance, along with heterozygous Kcnma1–⁄+ mice as they have shown no significant 

performance deficits or other apparent abnormal phenotypes. 
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2.1. Elicited Motor Function 

The goal of this specific aims is to evaluate Kcnma1 mutant and Kcnma1–⁄– motor 

function and dyskinesia through assessing performance of elicited tasks. The hanging wire 

and rotarod assays test grip and locomotor coordination respectively through measuring 

fall latency times of mice. Furthermore, the rotarod assay can also assess motor learning in 

repeated measures where mice are trialed across multiple days. Both are considered to be 

non-spontaneous motor assays as grip and locomotor behaviors are forced by the 

investigator during observation. In this manner, mice are tested on baseline phenotypes and 

experience an acute stress of the assay, which could elicit dyskinesia paroxysms based on 

stress as a trigger of PNKD (McGuire et al., 2018). 

In mouse models of dyskinesia, Ca2+ channelopathy lethargic and stargazer mouse 

models of paroxysmal dyskinesia both show lower fall latency times compared to their WT 

littermates in hanging wire and rotarod assays (Khan et al., 2004; Khan and Jinnah, 2002). 

Also, PRRT2-deficient and KO mice show similar lower latency times during rotarod 

assays as well (Pan et al., 2020; Tan et al., 2018). Finally, mice harboring the D434G 

mutation have been recently tested on rotarod, in which lower latency times were seen in 

both heterozygous and homozygous mutant mice (Dong et al., 2021). Though none of these 

mouse models explicitly show symptoms of KCNMA1-like ‘drop attacks’, they show 

paroxysmal dyskinesia phenotypes that are associated with performance deficits in elicited 

motor assays. 

Similar to these mouse models, Kcnma1–/– mice also show lower fall latency times 

in both assays due to their ataxic phenotype (Meredith et al., 2004; Sausbier et al., 2004). 
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Because of this, Kcnma1–/– mice are used as positive controls and a LOF baseline 

dyskinesia comparison on elicited motor assays. Based on prior results from Kcnma1–/– 

mice and dyskinesia mouse models, Kcnma1N999S/WT, Kcnma1D434G/WT and Kcnma1–/– mice 

are expected to show shorter fall latency times than their WT controls throughout all seven 

days of trailing. The elicited motor assays will likely not delineate baseline and paroxysmal 

dyskinesia between Kcnma1 mutant groups and Kcnma1–/– groups. This is because motor 

abnormalities are expected to be presented as shorter fall latency times and/or impaired 

motor learning in all groups regardless of dyskinesia type. Though motor learning is not 

analyzed in prior literature of paroxysmal dyskinesia models, paroxysms could disrupt and 

thus impair learning in Kcnma1 mutant groups. 

 

2.2. Spontaneous Motor Function 

 The goal of this specific aims is to evaluate Kcnma1 mutant and Kcnma1–⁄– motor 

function and dyskinesia through assessing spontaneous activity and behavior. CatWalk 

gait analysis, free-running wheel activity and restraint-induced dyskinesia analysis are all 

assays that are considered to be analysis of spontaneous activity, as no behavior is forced 

by the investigator during observation. The CatWalk system has been used to assess gait 

disturbances in HD rat and mouse models. Both models show higher hindlimb swing 

speeds (the speed at which a paw moves while not in contact with the glass) with the mouse 

model eventually developing higher forelimb swing speed at a later age (Casaca-Carreira 

et al., 2015; Timotius et al., 2019). In rat HD models, this gait abnormality was shown to 

be associated with baseline choreiform dyskinesia through observational scoring (Casaca-

Carreira et al., 2015; McGuire et al., 2018). Also, using a treadmill style gait analysis 
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(DigiGait), PRRT2 KO mice show both a shorter stride duration and stride length, similar 

to CatWalk results of HD models (Casaca-Carreira et al., 2015; Robertson et al., 2019; 

Timotius et al., 2019). 

As with HD mouse models, prior CatWalk gait analysis of Kcnma1–/– mice has also 

shown shorter stride length than both Kcnma1–/+ and Kcnma1+/+ controls, and thus are used 

as a positive control and LOF baseline dyskinesia comparison (Typlt et al., 2013). This 

also means baseline and paroxysmal dyskinesias may have similar presentations from gait 

analysis. Because of this, Kcnma1N999S/WT, Kcnma1D434G/WT and Kcnma1–/– mice are 

expected to show baseline gait abnormalities in parameters related to stride length, swing 

speed, print area and step patterns. Differences in forelimb and hindlimb parameters 

between groups may provide delineations between Kcnma1 mutant groups and Kcnma1–/– 

groups, as ataxic phenotypes are more often observed as hindlimb-specific gait 

disturbances in Kcnma1–/– mice (Chen et al., 2010; Sausbier et al., 2004; Typlt et al., 2013). 

A ‘drop attack’-like paroxysm in Kcnma1 mutant mice would present as immobility of all 

four limbs. Thus, gait disturbances would be expected to happen in both forelimbs and 

hindlimbs, unlike ataxic gaits in mice. 

 Free-running wheel activity has also been used in assessing early motor deficits in 

HD mouse models. Decreases in wheel activity during the 12-hour dark active phase were 

seen at ages as early as 4.5-5.5 weeks, with progressively lower activity in both light and 

dark phases up until 6 months. These deficits in wheel activity also coincided with lower 

fall latency times on rotarod (Hickey et al., 2005; Hickey et al., 2008). In another study, 

HD mice showed wheel activity deficits in run distance and duration within the first week 

of analysis when a rotarod assay showed no significant difference in fall latency times 
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(Mandillo et al., 2014). Additionally, because stress triggers paroxysms in KCNMA1 

PNKD patients, a shorter 48-hour analysis of wheel activity can additionally provide 

stresses of a novel environment. Based on prior HD mouse models and novel environment 

stresses, Kcnma1N999S/WT, Kcnma1D434G/WT and Kcnma1–/– mice are expected to show 

decreased wheel activity in run distance/speed and duration. It may be difficult to delineate 

baseline and paroxysmal dyskinesia phenotypes between Kcnma1 mutant groups and 

Kcnma1–/– groups. Baseline ataxic dyskinesia of Kcnma1–/– mice may disturb their gait 

enough to slow them on the wheels. On the other hand, ‘drop attack’-like paroxysms would 

present as pausing during running. This could result in lower run distance or average speed, 

but with a higher frequency of gaps in activity. 

 Finally, KCNMA1 PNKD patients are reported to experience ‘drop attacks’ from 

stress triggers (Garone et al., 2020; Heim et al., 2020; Keros et al., 2021; McGuire et al., 

2018; Wang et al., 2017). As such, spontaneous activity is observed following an acute 

stress via hand restraint which may elicit ‘drop attack’-like paroxysms in Kcnma1 mutant 

mice. Though each of the prior assays has their own compliment of stress (novel 

environments of spontaneous assays and elicited behavior/handling of non-spontaneous 

assays), none of these assays provide direct observational analysis of behavior following a 

calibrated  stressor. To give further support that expected outcomes of each one of these 

assays provides evidence of a ‘drop attack’-like phenotype in mice, the presence of any 

dyskinetic movements and paroxysms must be directly scored. 

From other variations of dyskinesia scoring, Ca2+ channelopathy mice show higher 

scores, displaying severe paroxysms in choreiform movements and dystonic posturing, 

along with tonic-clonic movements. Scoring of these mice were done through various 
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modifications of a systematic method of measuring rodent stereotypic behavior and was 

performed on multiple Ca2+ channelopathy mouse models (Kelley, 1998; Khan et al., 2004; 

Khan and Jinnah, 2002; Shirley et al., 2008). Tottering mice were scored based on stress 

triggers where mice had the highest percentage of paroxysms during restraint (along with 

cage transport) (Fureman et al., 2002). PNKD mut-Tg mouse models showed dyskinesia 

paroxysms during stressful handling and upon observation in a beaker after vehicle control 

saline I.P. injections. Though the beaker creates a novel and further stressful constrained 

environment, controlled acute restraint was not performed as a stressor (Lee et al., 2012). 

An acute restraint provides a more well-defined mode of stress-induction than just 

“stressful handling”. Thus, dyskinesia scoring of Kcnma1 mutant and Kcnma1–/– mice 

occurs after controlled acute hand restraint followed by placement of mice into a beaker 

for additional stress of a small environment. 

Based on prior observation of stress triggers inducing paroxysms in dyskinesia 

mouse models, Kcnma1N999S/WT, Kcnma1D434G/WT and Kcnma1–/– mice are expected to show 

higher scores in abnormal movement categories. Delineation of baseline and paroxysmal 

dyskinesia phenotypes between KCNMA1 mutations groups and Kcnma1–/– groups could 

be possible in this assay. Kcnma1–/– mice present baseline ataxia and tremors as opposed 

to paroxysms seen in patients harboring GOF variants (Meredith et al., 2004; Sausbier et 

al., 2004). This means that Kcnma1N999S/WT and Kcnma1D434G/WT mice would likely show 

bouts of dyskinetic movement compared to Kcnma1–/– mice. Additionally, KCNMA1 

PNKD patients have paroxysms that resemble cataplexy, which could result in increased 

immobility in Kcnma1 mutant groups (Miller et al., 2021). 
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CHAPTER 3: METHODOLOGY 
 

3.1. Mice 

All animal procedures and experiments were conducted in accordance with 

University of Maryland, Baltimore School of Medicine guidelines and protocols with 

approval from the Institutional Animal Care and Use Committee. 2- to 3-month-old mice 

are used in all experiments for Kcnma1N999S/WT and Kcnma1D434G/WT cohorts. Litters from 

these cohorts were generally healthy and produced in expected Mendelian ratios. 2- to 8-

month-old mice are used for Kcnma1–/–  cohorts due to decreased breeding efficacy and 

difficulties with Mendelian ratios in litters (Meredith et al., 2004). Both male and female 

mice were used in all experimental cohorts. All experiments were performed blinded to 

genotype of the mice and data was analyzed blinded. 

 

3.2. Hanging Wire 

Mice are acclimated to the testing environment in their normal housing cages for 

one hour prior to testing. Mice body weights are measured prior to the start of testing. Three 

consecutive trials are then performed in one day. At the start of each trial, mice are placed 

right-side-up on a standard housing lid with parallel metal bars. The lid is gently shaken 

three time to provoke the mice to grasp the bars, then slowly inverted upside-down so the 

mice are hanging. The fall latency time is measured via stopwatch, which begins counting 

at the start of lid inversion. Trial duration lasts for a maximum of 120 seconds. Mice are 

given at most a 10 second inter-trial interval after falling. If mice reach the 120 second trial 

limit, the lid is once again inverted to right-side-up and the mice are given a 10 second 

inter-trial interval before beginning the next trial. Statistical analysis is performed on 
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Kcnma1–/– cohorts using One-way ANOVA with Welch’s correction and Dunnett’s T3 

post-hoc test for multiple comparisons. Unpaired t-test with Welch’s correction is used for 

Kcnma1N999S/WT and Kcnma1D434G/WT cohorts. 

 

3.3. Rotarod 

Mice are acclimated to the testing environment in their normal housing cages for 

one hour prior to testing. Mice are trialed 3 times a day for 7 consecutive days. On day 1, 

mice body weight is measured and then randomly placed in one of the five lanes of the 

rotarod device (IITC Life Science Inc. Rat Mouse Rotarod, provided by Dr. Todd Gould, 

PhD). After placement, mice are given 30 seconds prior to the start of day 1/trial 1 to 

acclimate to the beam. Mice are allowed to fall off and be placed back on the beam a 

maximum of two times. Any more than two falls prior to day 1/trial 1 or any one fall prior 

to any other trial is recorded as a fall latency time of 0 seconds. On day 7, mice body weight 

is measured once again. The rotarod device accelerates from 4 to 40rpm of the course of 5 

minutes for each trial. Mice are given a 2-minute inter-trial interval. A “fall” is measured 

as the mice no longer maintaining an upright position on the beam, regardless of the mice 

truly falling off the beam. This is because on preliminary trialing mice were often able to 

hold onto the beam to avoid falling, which in turn no longer assesses locomotor 

coordination. All trials are video recorded and fall latency times are measured from each 

recording. The three trials of each day are averaged together for each mouse, then 

individual mice of each genotype are averaged together for each day. Statistical analysis is 

performed using Two-way ANOVA with Geisser-Greenhouse correction and Bonferroni’s 

post-hoc test for multiple comparisons for all cohorts. 
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Table 1.3. Flow-chart of rotarod assay procedural timeline. 
 

3.4. Gait Analysis (CatWalk XT) 

The CatWalk XT system (Noldus Information Technology, provided by Dr. 

Junfang Wu, PhD) consists of a long glass plate that is illuminated internally by a green 

light. In a dark room, mice are placed on the glass and allowed to freely walk from one end 

to the other. Paw prints are detected by a high-speed camera positioned under the glass. 

Before placing the mice on the glass, mice are placed on a warm damp cloth to aid in paw 

illumination and software detection with minimal effect on gait. Mice are given as much 

time required to capture three runs across the camera’s field of view, with compliant runs 

consisting of a 60% or less variability. CatWalk XT 10.6 software is used to capture 

recordings and analyze data. Because 174 gait parameters are captured and analyzed, 

parameters are selected based on preliminary trials of Kcnma1N999S/WT, Kcnma1D434G/WT 

Rotarod trial: 1 hour acclimation prior to trialing, rod accelerates 4-40rpm over 
5min, 2min intra-trial interval, all trials video recorded 

Day 1: Mice weighed, placed on rotarod for 30s prior to trial 1, trialed 3 times 
*If mice fall prior to trial 1, they are placed back on the rod up to 2 times 
before a fall latency time of 0s is recorded* 

Day 2-6: Mice placed in different lane from previous day, trialed 3 times 

Day 7: Mice weighed, trialed 3 times 

Video analysis: Fall latency time recorded as falling of the rod or a loss of upright 
positioning 



 

25 
 

and Kcnma1–/– mice, and prior gait analysis of Huntington’s disease mouse models 

(Casaca-Carreira et al., 2015; Typlt et al., 2013). Statistical analysis is performed on 

Kcnma1–/–  cohorts using One-way ANOVA with Welch’s correction and Dunnett’s T3 

post-hoc test for multiple comparisons. Unpaired t-test with Welch’s correction is used for 

Kcnma1N999S/WT and Kcnma1D434G/WT cohorts. 

 

3.5. Free-running Wheel Activity 

Mice are singly housed in cages with running wheels (Coulbourn Instruments) on 

a standard 12:12-hour light-dark cycle for 48 hours with ad-libitum access to food and 

water. Mice health checks, room temperature and humidity monitoring are performed 

daily. Free-running wheel activity is measured via magnetic switches and recorded using 

ClockLab software (Actimetrics). Individual mice wheel rotation counts are then 

quantified in 1-minute bins in ClockLab software running in Matlab v6.1 (Mathworks). 

The following parameters are calculated for activity during the 12-hour dark phase: total 

wheel rotation count, average speed, average maximum speed, average number of run 

events (defined as consecutive 1-minute bins over 30rpm), average run duration, average 

maximum run duration, average run wheel rotation count, average number of activity gaps 

(defined as consecutive 1-miuntes bins of 0rpm), average activity gap duration and average 

maximum activity gap duration. These parameters are selected based on a modified method 

of analysis in HD mouse models (Mandillo et al., 2014). Analysis is performed using a 

self-made Python script. Statistical analysis is performed on Kcnma1–/–  cohorts using One-

way ANOVA with Welch’s correction and Dunnett’s T3 post-hoc test for multiple 

comparisons. Unpaired t-test with Welch’s correction is used for Kcnma1N999S/WT and 
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Kcnma1D434G/WT cohorts. 

 

3.6. Restraint-induced Dyskinesia Analysis 

Mice are restrained by hand by an experienced handler. This is done by clasping 

the loose skin of the dorsal cervical aspect with the index finger and thumb, and the tail 

with the pinky finger so that that dorsal side lay flat against the palm of the hand in a 

vertical upright position. This restraint lasts for 2.5 minutes. Afterwards, the tail is released 

by the pinky and the mice are restrained for another 2.5 minutes. The total restraint time 

lasts for 5 minutes Mice are then placed in a transparent 1000ml beaker and video-recorded 

for 5 minutes. Mice scoring is based on stereotypic (grooming, rearing, sniffing) and 

abnormal criteria (immobility time, circling/hyperactivity, twisting/choreiform movement, 

tonic-clonic movement, flatten dystonic posturing, tremoring, listing and falling). 

Grooming, twisting/choreiform movement, tonic-clonic movement, flatten dystonic 

posturing, listing and falling are scored in 30 second bins as either 0 (no occurrence of 

behavior) or 1 (behavior observed). Scores for criteria scored in 30 second bins are then 

totaled. Circling/hyperactivity and tremoring is scored as either a 0 or 1 for the full duration 

of the 5-minute recording. Rearing behavior is defined as both forelimb paws touching the 

sides of the beaker (Appendix Figure 2) and is counted as the total number of rears for the 

full duration of the recording. Grooming is defined as any stereotypical licking of the front 

paws or body while reared on both hindlimbs (Appendix Figure 2). Immobility is defined 

as the lack of head, body and limb movement with all four paws touching the ground 

(Appendix Figure 2). Immobility is continually timed at the start and stop of immobility 

using a stopwatch for the full duration of the recording. Behavioral scoring parameters are 
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selected based on preliminary trials of Kcnma1N999S/WT, Kcnma1D434G/WT and Kcnma1–/– 

mice, modified stereotypic behavioral scoring (Kelley, 1998) and prior scoring of various 

dyskinesia mouse models (Khan et al., 2004; Khan and Jinnah, 2002; Sebastianutto et al., 

2016; Shirley et al., 2008). Statistical analysis is performed on Kcnma1–/– cohorts using 

One-way ANOVA with Welch’s correction and Dunnett’s T3 post-hoc test for multiple 

comparisons. Unpaired t-test with Welch’s correction is used for Kcnma1N999S/WT and 

Kcnma1D434G/WT cohorts. 
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CHAPTER 4: RESULTS 
 

4.1. Kcnma1N999S/WT and Kcnma1–⁄– Show Elicited Motor Impairment 
 

To test the hypothesis that KCNMA1 variants cause dyskinesia phenotypes in mice, 

a hanging wire and rotarod assay were performed. In the hanging wire assay, mice 

exhibiting KCNMA1 patient-like ‘drop attacks’ would be expected to show shorter fall 

latency times due to hypotonia from dyskinesia paroxysms inhibiting grip. The baseline 

dyskinesia phenotypes of Kcnma1–⁄– mice are also expected to shorten fall latency times, 

as seen in prior studies. The unsteady movement from tremors would be expected to also 

inhibit grip. 

From the data, Kcnma1N999S/WT mice show shorter fall latency times, with no mouse 

reaching the 120s threshold (Figure 4.1A). On the other hand, Kcnma1D434G/WT mice did 

not show any significant difference in fall latency times compared to WT controls, with 

four Kcnma1WT/D434G mice and four WT controls each reaching the 120s threshold across 

all three trials (Figure 4.1B). As expected, Kcnma1–/– mice show shorter fall latency times 

compared to WT controls on the hanging wire assay, while Kcnma1–/+ mice show no 

significant difference (Figure 4.1C). Where most normal mice have fall latency times 

upwards of several minutes (Crawley, 2000), no individual Kcnma1–/– mouse had a mean 

latency time above 60 seconds, compared to Kcnma1+/+ mice with mean latency times 

ranging from 31.33 to the 120 second trial limit. These results indicate that both 

Kcnma1N999S/WT and Kcnma1–/– mice have impaired grip, with Kcnma1–/– mice showing a 

more severe impairment compared to Kcnma1N999S/WT mice (unpaired t-test with Welch’s 

correction ; p=0.0148). 
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Figure 4.1. Kcnma1N999S/WT and Kcnma1–/– mice show lower fall latency times during 
elicited motor assays. (A-C) Fall latency times on hanging wire assay. (A) Unpaired t-test 
with Welch’s correction show lower fall latency times in Kcnma1N999S/WT mice (p=0.0010; 
n=10, Kcnma1WT/WT; n=11, Kcnma1N999S/WT). (B) Unpaired t-test with Welch’s correction 
show no significant difference in fall latency times of Kcnma1D434G/WT mice (p=0.6090; 
n=11, Kcnma1WT/WT; n=9, Kcnma1D434G/WT). (C) One-way ANOVA with Welch’s 
correction shows lower fall latency times in Kcnma1–/– mice (p<0.0001 main effect). 
Multiple comparisons from Dunnett’s T3 post-hoc test shows significant difference in 
Kcnma1–/– mice compared to Kcnma1+/+ mice (p=0.0093), while Kcnma1–/+ mice show no 
significant difference to Kcnma1+/+ mice (p=0.9982) (n=10, Kcnma1+/+; n=17, Kcnma1–/+; 
n=10, Kcnma1–/–).  (D-H) Fall latency times for rotarod assay. Two-way repeated measures 
ANOVA with Geisser-Greenhouse correction performed on all cohorts. (D) 
Kcnma1N999S/WT mice show lower fall latency times (p<0.0001 main effect; n=12, 
Kcnma1WT/WT; n=11, Kcnma1N999S/WT). (E) Kcnma1D434G/WT mice show no significant 
difference in fall latency times (p=0.1858 main effect; n=17, Kcnma1WT/WT; n=13, 
Kcnma1D434G/WT). (F) Kcnma1–/– mice show lower fall latency times (p<0.0001 main 
effect). Multiple comparisons from Bonferroni’s post-hoc test shows significant difference 
in Kcnma1–/– mice compared to Kcnma1+/+ mice (lowest p=0.0056 and highest p=0.0277 
from 7 days), while Kcnma1–/+ mice show no significant difference to Kcnma1+/+ mice 
(lowest p=0.5801 and highest p>0.9999 from 7 days) (n=6, Kcnma1+/+; n=12, Kcnma1–/+; 
n=6, Kcnma1–/–). 
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With the rotarod assay, Kcnma1 mutant mice are expected to have shorter fall 

latency times from KCNMA1 ‘drop attack’-like dyskinesia paroxysms. Hypotonia and 

immobility during paroxysms would inhibit locomotor function during the rotarod task and 

thus lower latency times. This could in turn inhibit motor learning as well with paroxysms 
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disrupting learning processes. Kcnma1–⁄– are also expected to have shorter latency times 

due to baseline ataxia and tremors inhibiting locomotor function. The association of these 

baseline dyskinesia phenotypes with cerebellar Purkinje neuronal firing inhibition are 

expected to also inhibit motor learning (Chen et al., 2010). 

From the data,  Kcnma1N999S/WT mice show shorter fall latency times over the course 

of seven days compared to their WT controls (Figure 4.1D). However, Kcnma1N999S/WT 

mice show no significant difference in motor learning throughout the seven days of testing. 

To quantitatively assess motor learning, a preliminary analysis of a linear regression fitted 

to the fall latency means of all seven days was performed. From this, Kcnma1N999S/WT mice 

show no significant difference in fall latency (motor learning) slopes to WT controls 

(R2=0.6013, Kcnma1WT/WT; R2=0.8546, Kcnma1N999S/WT; p=0.9421). On the other hand, 

Kcnma1D434G/WT mice did not show any difference in overall fall latency times over the 

course of seven days compared to their WT controls (Figure 4.1E). Kcnma1D434G/WT mice 

also show no significant difference in motor learning throughout the seven days of testing. 

In the preliminary linear regression, Kcnma1D434G/WT mice show no significant difference 

in motor learning slopes to WT controls (R2=0.8104, Kcnma1WT/WT; R2=0.8380, 

Kcnma1D434G/WT; p=0.8496). These findings indicate that, unlike Kcnma1D434G/WT mice, 

Kcnma1N999S/WT mice have impaired locomotor function in elicited motor assays. However, 

both groups show no indication of impaired motor learning. 

As a comparison of baseline dyskinesias, Kcnma1–/– mice show shorter fall latency 

times over the course of seven days compared to WT controls, while Kcnma1–/+ mice show 

no significant difference (Figure 4.1F). No individual Kcnma1–/– mouse had a mean latency 

time over 30 seconds on any given day, compared to WT controls ranging from 30.33 to 
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148.0 seconds. In addition, Kcnma1–/– mice show lower motor learning slopes in the 

preliminary linear regression than WT controls throughout the seven days of testing 

(R2=0.7416, Kcnma1+/+; R2=0.4486, Kcnma1–/–; p=0.0142). On the other hand, Kcnma1–/+ 

mice show no significant difference in motor learning slopes (R2=0.7416, Kcnma1+/+; 

R2=0.3628, Kcnma1–/+; p=0.5939). Additionally, Kcnma1N999S/WT, Kcnma1D434G/WT, 

Kcnma1–/+ mice and all WT controls show multiple days with higher trial 3 fall latency 

times than trial 1 (Figure 4.2D-F). This shows a trend of motor learning during the three 

trials of each day. However, this is not observed during any day of trialing for Kcnma1–/– 

mice (Figure 4.2F). Also, compared to Kcnma1N999S/WT mice, Kcnma1–/– mice show a 

significantly lower main effect of latency times (Two-way repeated measures ANOVA 

with Geisser-Greenhouse correction; p<0.0001). Because of this, these data indicate that 

Kcnma1–/– mice have a more severe locomotor deficit in elicited motor assays than 

Kcnma1N999S/WT mice. However, neither of these assays are capable of making a distinction 

between a baseline and paroxysmal dyskinesia. Both Kcnma1N999S/WT and Kcnma1–/– mice 

show lower fall latency times on both assays. Though Kcnma1–/– mice show impaired 

motor learning as opposed to Kcnma1N999S/WT mice, this is not a conclusive delineation of 

paroxysms in Kcnma1N999S/WT mice. 
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Figure 4.2. Kcnma1–⁄– mice show motor learning deficits. Fall latency times for rotarod 
assays. (A-C) Interleaved scatter plot of individual animal trial means. (D-F) Means of 
each individual trial (three trials per day) plotted in suscession as 21 trials. (A, D) Two-
way repeated measures ANOVA with Geisser-Greenhouse correction shows lower latency 
times in Kcnma1N999S/WT mice (p<0.0001 main effect; n=12, Kcnma1WT/WT; n=11, 
Kcnma1N999S/WT). (B, E) Two-way repeated measures ANOVA with Geisser-Greenhouse 
correction shows no significant difference in latency times in Kcnma1D434G/WT mice to WT 
controls (p=0.1858 main effect; n=17, Kcnma1WT/WT; n=13, Kcnma1D434G/WT). (C, F) Two-
way repeated measures ANOVA with Geisser-Greenhouse correction shows lower latency 
times in Kcnma1–/– (p<0.0001 main effect). Multiple comparisons from Bonferroni’s post-
hoc test shows significant difference in Kcnma1–/– mice compared to Kcnma1+/+ mice 
(lowest p=0.0056 and highest p=0.0277 from 7 days), while Kcnma1–/+ mice show no 
significant difference in latency times to Kcnma1+/+ mice (lowest p=0.5801 and highest 
p>0.9999 from 7 days) (n=6, Kcnma1+/+; n=12, Kcnma1–/+; n=6, Kcnma1–/–). 
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4.2. Kcnma1N999S/WT and Kcnma1–/– Mice Show Unique Spontaneous Motor 
Impairment Suggestive of Dyskinesia 
 

For CatWalk, if KCNMA1 variants cause dyskinesia in mice, it would be expected 

that Kcnma1 mutant mice would show gait disturbances in all four limbs. A KCNMA1 

patient-like ‘drop attack’ in mice would cause paroxysms in which there would be a lack 

of movement in all four limbs (Heim et al., 2020; J. Heim, 2019). This is opposed to 

Kcnma1–/– mice which are expected to have gait disturbances in only the hindlimbs from 

baseline ataxic phenotypes (Typlt et al., 2013). These differences can provide a distinction 

between Kcnma1 mutant groups and Kcnma1–/– mice, unlike elicited motor assays. 

Assessment of weight differences between experimental and control mice within 

groups was done prior to data analysis. In prior literature, Kcnma1–/– mice did not show 

any difference in paw print area in Typlt et al., 2013, where Kcnma1–/– mice in our data 

show differences in paw print area, contact area and intensity parameters (paw parameters). 

Because these parameters are all measures of the paw image alone (not movement), weight 

differences can affect the significance of these parameters. For example, it would be 

expected that heavier mice would record higher values in paw parameters as more contact 

is likely to be made with the glass. This is seen between our Kcnma1–/+ males (n=6) and 

females (n=4), where 18 of the 64 paw parameters show significant differences. Only 4 

other parameters out of the total 174 analyzed show significant differences. This weight 

difference is not seen the prior study of Kcnma1–/– mice, possibly due to a different genetic 

background (hybrid SV129/C57BL6) (Typlt et al., 2013) than our Kcnma1–/– mice 

(C57BL6). Thus, because our Kcnma1–/– mice weigh significantly less than Kcnma1+/+ 

mice, paw parameters have been excluded from CatWalk analysis (Appendix Figure 2). 

From gait analysis of all other parameters, Kcnma1–/– mice show abnormalities in 
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parameters that indicate ataxia. Kcnma1–/– mice have a higher swing duration of the 

hindlimbs, which is the duration that the paw is not contacting the plate between a contact 

termination and initiation (Figure 4.3C). Additionally, Kcnma1–/– mice show a slower 

swing speed, which is the stride length over the swing duration (Appendix Table 3).  The 

step cycle is the total duration of paw contact in addition to the swing duration, in which 

Kcnma1–/– mice show no significant difference to WT controls (Figure 4.3D). However, 

Kcnma1–/– mice show a lower duty cycle of the hindlimbs, which is the percent time of paw 

contact out of the step cycle (Figure 4.3E). This means that Kcnma1–/– mice show longer 

swing and shorter paw contact duration, though the total of the two (the step cycle) shows 

no significant difference. Kcnma1–/– mice show no significant difference in stand index, or 

the rate in which the paw loses contact with the glass (Figure 4.3A). And finally, Kcnma1–

/– mice show no significant difference in single stance, or the duration that a single forelimb 

or hindlimb paw makes contact while the other collateral paw does not (Figure 4.3F). 

Though Kcnma1–/– mice do not show a significant difference in stride length, the longer 

swing duration, lower swing speed and lower duty cycles are all indicative of ataxia based 

on literature of HD rodent models (Casaca-Carreira et al., 2015; Timotius et al., 2019). 

In Kcnma1 mutant mice cohorts, Kcnma1D434G/WT mice show no significant 

difference in stand index, swing duration, step cycles, duty cycles and single stance (Figure 

4.3). On the other hand, Kcnma1N999S/WT mice show a faster stand index off both forelimbs 

and hindlimbs than WT controls, where Kcnma1–/– mice did not (Figure 4.3A). 

Kcnma1N999S/WT mice also show longer swing duration (Figure 4.3C) like Kcnma1–/– mice, 

but only in the forelimbs. Additionally, Kcnma1N999S/WT mice show a longer step cycle 

(Figure 4.3D) and single stance duration (Figure 4.3F), once again only in the forelimbs. 
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The longer swing speed solely accounts for the longer step cycle, as Kcnma1N999S/WT mice 

do not show any significant difference in the duty cycle. Together, these parameters 

indicate gait disturbances in Kcnma1N999S/WT mice, though characterization of this 

dysfunction is unclear. Though the combination of forelimb and hindlimb abnormalities 

can occur in HD rat models, there is a lack of evidence in literature indicating a 

classification of motor dysfunction in solely rodent forelimbs (Casaca-Carreira et al., 

2015). This forelimb gait disturbance is also difficult to relate to KCNMA1 PNKD patient 

symptoms as humans are not weight-bearing on the forelimbs. 

 

Figure 4.3. Kcnma1N999S/WT and Kcnma1–/– mice show gait disturbances in forelimb 
and hindlimb parameters respectively. CatWalk gait analysis parameters. Unpaired t-
test with Welch’s correction performed on all groups. Left: Kcnma1N999S/WT cohort (n=10, 
Kcnma1WT/WT; n=11, Kcnma1N999S/WT). (A) Kcnma1N999S/WT mice show higher stand index 
of forelimbs (p=0.0247) and hindlimbs (p=0.0212); (B) longer swing duration of forelimbs 
(p=0.0008) but no significant difference in in hindlimbs (p=0.4484); (C) longer step cycle 
duration of forelimbs (p=0.0238) but no significant difference in in hindlimbs (p=0.1288); 
(D) no significant difference in duty cycles of forelimbs (p=0.4485) and hindlimbs 
(p=0.4539); (E) longer single stance duration of forelimbs (p=0.0012) but no significant 
difference in in hindlimbs (p=0.6674). Middle: Kcnma1D434G/WT cohort (n=11, 
Kcnma1WT/WT; n=9, Kcnma1D434G/WT). (A) Kcnma1D434G/WT mice show no significant 
difference in stand index of forelimbs (p=0.5447) and hindlimbs (p=0.3855); (B) no 
significant difference in swing duration of forelimbs (p=0.1593) and hindlimbs (p=0.8164); 
(C) no significant difference in step cycle duration of forelimbs (p=0.2143) and hindlimbs 
(p=0.6956); (D) no significant difference in duty cycles of forelimbs (p=0.9969) and 
hindlimbs (p=0.6050); (E) no significant difference in single stance duration of forelimbs 
(p=0.1153) and hindlimbs (p=0.3463). Right: Kcnma1–/– cohort (n=6, Kcnma1+/+; n=12, 
Kcnma1–/+; n=6, Kcnma1–/–). (A) Kcnma1–/– mice show no significant difference in stand 
index of forelimbs (p=0.4691) and hindlimbs (p=0.6508); (B) no significant difference in 
swing speed duration of forelimbs (p=0.4510) but longer in hindlimbs (p=0.0462); (C) no 
significant difference in step cycle duration of forelimbs (p=0.4607) and hindlimbs 
(p=0.8150); (D) no significant difference in duty cycles of forelimbs (p=0.8771) but lower 
in hindlimbs (p=0.0185); (E) no significant difference in single stance duration of forelimbs 
(p=0.8259) and hindlimbs (p=0.2471). 
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From free-running wheel activity analysis, Kcnma1 mutant mice experiencing 

‘drop attack’-like paroxysms would be expected to show lower average speed. This would 

be correlated with more frequent gaps in wheel activity due to immobile nature of ‘drop 

attack’ paroxysms. On the other hand, Kcnma1–⁄– mice would be expected to show lower 

average speed as well. This would be due to the baseline ataxic phenotype of Kcnma1–⁄– 

mice causing locomotor dysfunction, as with HD mice wheel activity (Hickey et al., 2008; 

Mandillo et al., 2014). Though not directly observed (i.e., via video recording), this could 
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suggest a distinction between baseline and paroxysmal dyskinesia between Kcnma1 mutant 

and Kcnma1–⁄– groups. 

From the data, Kcnma1N999S/WT mice show a decrease in average speed (Figure 

4.4A) and activity gap frequency (Figure 4.4D). No significant difference to WT controls 

is seen in either maximum speed (Figure 4.4B) or the activity gap duration (Figure 4.4C). 

Because of this, the lower average speed of Kcnma1WT/N999S mice can likely be accounted 

solely by the higher activity gap frequency. For Kcnma1D434G/WT mice, both average speed 

(Figure 4.4E) and the activity gap frequency (Figure 4.4H) are not significantly different 

to WT controls. However, there is a decrease in the maximum speed of Kcnma1D434G/WT 

mice (Figure 4.4F) and activity gap duration (Figure 4.4G). As there is no significant 

difference in average speed or activity gap frequency, it is unclear what the decrease in 

maximum speed could indicate, especially since Kcnma1D434G/WT mice had a lower activity 

gap duration indicating longer wheel activity. 

Kcnma1–/– mice show motor deficits in three of the four primary parameters 

analyzed from wheel activity data. Like Kcnma1N999S/WT mice, Kcnma1–/– mice show lower 

average speed (Figure 4.4I). Additionally, Kcnma1–/– mice show lower maximum speed 

(Figure 4.4J) similar to Kcnma1D434G/WT mice, but higher activity gap duration (Figure 

4.4K). This indicates that Kcnma1–/– mice are not active on wheels as frequently as 

Kcnma1–/+  and Kcnma1+/+ mice. When they are on wheels, they show less activity overall. 

This results in a 9.26 rpm greater mean difference in average speed of Kcnma1–/– mice and 

their WT controls compared to the Kcnma1N999S/WT cohort. However, Kcnma1–/–, Kcnma1–

/+ and Kcnma1+/+ mice show no significant difference in the activity gap frequency (Figure 

4.4L). Kcnma1–/+ mice show no significant difference to Kcnma1+/+ mice in all parameters. 
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Overall, these activity deficits indicate that Kcnma1–/– mice have a more severe motor 

deficit in wheel activity than Kcnma1N999S/WT mice. Though it follows that Kcnma1N999S/WT 

mice could have more frequent activity gaps from ‘drop attack’-like paroxysms, it is 

unclear whether these data indicate a baseline or paroxysmal phenotype without video-

recording assessment. 

 

Figure 4.4. Kcnma1N999S/WT and Kcnma1–⁄– mice show wheel activity deficits. Free-
running wheel activity parameters. One-way ANOVA with Welch’s correction performed 
for Kcnma1–/– group analysis. Dunnett’s T3 post-hoc test performed for multiple 
comparison. Unpaired t-test with Welch’s correction performed for Kcnma1D434G/WT and 
Kcnma1N999S/WT group analysis. (A-D) Kcnma1N999S/WT cohort (n=11, Kcnma1WT/WT; n=12, 
Kcnma1N999S/WT). (A) Kcnma1N999S/WT mice show lower average speed (p=0.0411). (B) 
Kcnma1N999S/WT mice show no significant difference in average maximum speed to WT 
controls (p=0.3618). (C) Kcnma1N999S/WT mice show no significant difference in average 
activity gap duration to WT controls (p=0.8281). (D) Kcnma1N999S/WT mice show lower 
frequency of activity gap events (p=0.0040). (E-H) Kcnma1D434G/WT cohort (n=12, 
Kcnma1WT/WT; n=11, Kcnma1D434G/WT). (E) Kcnma1D434G/WT mice show no significant 
difference in average speed to WT controls (p=0.8118). (F) Kcnma1D434G/WT mice show 
lower average maximum speed (p=0.0085). (G) Kcnma1D434G/WT mice show lower average 
activity gap duration (p=0.0467). (H) Kcnma1D434G/WT mice show no significant difference 
in frequency of activity gap events to WT controls (p=0.7425). (I-L) Kcnma1–/– cohort 
(n=9, Kcnma1+/+; n=15, Kcnma1–/+; n=10, Kcnma1–/–). (I) Kcnma1–/–mice show lower 
average speed than Kcnma1+/+ mice (p=0.0032), while Kcnma1–/+ mice show no significant 
difference to Kcnma1+/+ mice (p=0.9057) (p<0.0001 main effect). (J) Kcnma1–/– mice show 
lower average maximum speed than Kcnma1+/+ mice (p=0.0024), while Kcnma1–/+ mice 
show no significant difference to Kcnma1+/+ mice (p=0.9871) (p=0.0001 main effect). (K) 
Kcnma1–/– mice showed higher average activity gap duration than Kcnma1+/+ mice 
(p=0.0026), while Kcnma1–/+ mice show no significant difference to Kcnma1+/+ mice 
(p=0.8987) (p=0.0023 main effect). (L) Kcnma1–/– mice show no significant difference in 
frequency of activity gap events to Kcnma1+/+ mice (p=0.9800), while Kcnma1–/+ mice also 
show no significant difference to Kcnma1+/+ mice (p=0.5565) (p=0.3047 main effect). 
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In the restraint-induced dyskinesia assay, Kcnma1 mutant mice would be expected 

to show longer immobility due to an acute stressor triggering ‘drop attack’-like paroxysms. 

This could in turn results in lower stereotypic behavior, though large abnormal dyskinetic 

movement is not expected. With baseline dyskinesia phenotypes, Kcnma1–⁄– mice would 

be expected to show continuous tremors and hyperactivity through the 5-minute recording, 
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resulting in shorter immobility. Like KCNMA1 patient ‘drop attacks’, stress-induced 

periods of immobility could suggest a paroxysmal dyskinesia as opposed to the baseline 

dyskinesia of Kcnma1–⁄– mice. 

From post-restraint video analysis, WT mice from all groups show normal 

exploratory behavior including sniffing, grooming and rearing with coordinated 

movements. All Kcnma1 mutant and Kcnma1–⁄–  mice did not show any choreiform 

movements or collapsing behavior (all four paws no longer touching the ground). 

Kcnma1N999S/WT mice show longer immobility (Figure 4.5A) with no significant difference 

in numbers of total rears (Figure 4.5B) and bins of grooming (Figure 4.5C) to WT controls. 

Immobility in all Kcnma1N999S/WT mice was not continuous, but rather occurred in periods 

of immobility that were discontinued with exploratory behavior similar to WT controls. 

Three male Kcnma1N999S/WT mice show tonic-clonic movements resembling a myoclonic 

“hiccup” throughout immobility periods that were not associated with respiratory rates 

(Appendix Video 1). On the other hand, WT mice hold a less hunched posture with their 

heads raised higher during immobility, suggesting a more bright and alert status (Appendix 

Figure 2). This posturing and myoclonic movement is also seen in only one WT control 

and occurs at shorter durations than Kcnma1N999S/WT mice. One male Kcnma1N999S/WT 

shows sideways listing during the first bin of scoring. And finally, one male 

Kcnma1N999S/WT mouse, two female Kcnma1N999S/WT mice and one WT control hold 

flattened postures during the first bin of scoring. Kcnma1D434G/WT mice did not show 

significant differences in immobility (Figure 4.5D), total number of rears (Figure 4.5B) or 

bins of grooming (Figure 4.5C) compared to WT controls. One female Kcnma1D434G/WT 
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mouse shows listing in the first bin of scoring and another female Kcnma1D434G/WT 

mouse holds a flattened posture through the first two bins of scoring.  

For this assay, the Kcnma1–/– group is underpowered, as sample sizes of at least 

n=5 for Kcnma1–/– and Kcnma1+/+ mice are needed to achieve sufficient power for 

appropriate statistical analysis of dyskinesia scoring. However, three out of four Kcnma1–

/– mice show shorter immobility (Figure 4.5G) and all four Kcnma1–/– mice show lower 

scored 30 second bins of grooming (Figure 4.5C). Three out of four Kcnma1–/– mice show 

hyperactivity through circling and rapid limb movements, and one Kcnma1–/– mouse shows 

a visible tremor during brief immobility periods. Though not statistically significant, this 

is likely indicative of abnormal dyskinetic movements at baseline, such as known tremor 

and ataxia, causing a presentation of hyperactivity in Kcnma1–/– mice. These findings are 

corroborated by ongoing testing to increase the Kcnma1–/– cohort sample size (data not 

shown). This indicates a distinct behavioral phenotype difference between Kcnma1N999S/WT 

and Kcnma1–/– mice. Where Kcnma1–/– mice show continuous movement from baseline 

tremors and hyperactivity, Kcnma1N999S/WT show longer periods of immobility suggesting 

a possible ‘drop attack’-like paroxysmal dyskinesia. 
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Figure 4.5. Kcnma1N999S/WT mice longer immobility time. Restraint-induced dyskinesia 
analysis and scoring. Unpaired Welch’s t-test performed on all groups. (A-C) 
Kcnma1N999S/WT cohort (n=7, Kcnma1WT/WT; n=11, Kcnma1N999S/WT). (A) Kcnma1N999S/WT 
mice show longer immobility (p=0.0008). (B) Kcnma1N999S/WT mice show no significant 
difference in total number of rears to WT controls (p=0.1251). (C) Kcnma1N999S/WT mice 
show no significant difference in grooming per bin to WT controls (p=0.1384). (D-F) 
Kcnma1D434G/WT cohort (n=10, Kcnma1WT/WT; n=10, Kcnma1D434G/WT). (D) 
Kcnma1D434G/WT mice show no significant difference in immobility to WT controls 
(p=0.8817). (E) Kcnma1D434G/WT mice no significant difference in total number of rears to 
WT controls (p=0.6533). (F) Kcnma1D434G/WT mice no significant difference in grooming 
per bin to WT controls (p=0.7321). (G-I) Kcnma1–/– cohort (n=3, Kcnma1+/+; n=4, Kcnma1–

/–). (G) Kcnma1–/– mice show no significant difference in immobility to WT controls 
(p=0.2247). (H) Kcnma1–/– mice show no significant difference in total number of rears to 
WT controls (p=0.7123). (I) Kcnma1–/– mice show no significant difference in total 
grooming per bin to WT controls (p=0.0630).  
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CHAPTER 5: DISCUSSION 
 

5.1. General Discussion 

Following the hypothesis that KCNMA1 variants cause dyskinesia in mice, there is 

little evidence to indicate that Kcnma1D434G/WT mice show a dyskinesia phenotype. Where 

Kcnma1D434G/WT mice do show significant differences to WT controls, indication of motor 

dysfunction is unclear. For instance, from free-running wheel activity, Kcnma1D434G/WT 

mice show lower maximum speed but lower activity gap durations as well. These two 

parameters, while significantly different to WT controls, conflict in their indications of 

dyskinesia. This is unlike Kcnma1N999S/WT mice, which show motor deficits across all 

assays with immobility during the restraint-induced dyskinesia assay. Similarly,  Kcnma1–

⁄– mice show motor deficits across all assays with higher severity compared to 

Kcnma1N999S/WT mice. Kcnma1–⁄– mice show lower fall latency times and impaired motor 

learning in elicited assays, as well as lower wheel activity. Kcnma1–⁄– mice also trend 

towards showing shorter immobility than WT controls, likely due to their baseline tremors 

and hyperactivity. This suggests that both Kcnma1N999S/WT and Kcnma1–⁄– mice show 

motor dysfunction that is likely associated with abnormal involuntary movements or 

immobility indicative of dyskinesia. 

Unlike hanging wire, rotarod, CatWalk and wheel activity assays, the restraint-

induced dyskinesia assay provides a unique phenotype of immobility in Kcnma1N999S/WT 

mice. Out of all motor assays performed, this lack of movement observed from restraint-

induced stress most closely resembles the PNKD ‘drop attack’ phenotype of N999S 

patients. Additionally, the restraint-induced dyskinesia assay has the potential to delineate 

between a baseline and paroxysmal dyskinesia. Kcnma1–⁄– mice show baseline dyskinesia 
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in ataxia and tremors which may correlate observed hyperactivity and shorter immobility. 

On the other hand, Kcnma1N999S⁄WT mice show longer periods of immobility that are broken 

up by periods of normal exploratory behavior. These discontinuous periods of immobility 

more resemble paroxysms of dyskinesia than baseline phenotypes. Thus, qualitative and 

quantitative assessment of immobility through this assay have the potential to distinguish 

between a baseline and paroxysmal dyskinesia. 

Among the other motor assays, Kcnma1N999S/WT mice show deficits in hanging wire, 

rotarod, CatWalk and wheel activity analysis. The CatWalk analysis shows gait 

disturbances in only the forelimbs, making it difficult to characterize a specific motor 

dysfunction, like Kcnma1–⁄– ataxia. It is also difficult to further characterize these 

Kcnma1N999S/WT mice phenotypes as resembling KCNMA1 patient ‘drop attacks’ as these 

assays cannot delineate between a baseline and paroxysmal dyskinesia. Though Kcnma1–

⁄– mice show a more severe baseline phenotype, Kcnma1N999S/WT mice show similar results 

across rotarod, hanging wire and wheel activity assays. Thus, unlike the restraint-induced 

dyskinesia assay, association with baseline phenotypes cannot be ruled out from these 

assays. 

It is worth noting that no case reports of N999S or D434G patients thus far have 

described any baseline dyskinesia phenotype (Bailey et al., 2019; Heim et al., 2020; Keros 

et al., 2021; Miller et al., 2021; Wang et al., 2017). As elicited motor assays, CatWalk and 

wheel activity indicate possible Kcnma1N999S/WT baseline motor deficits, these results could 

suggest a unique baseline phenotype that has yet to be characterized in KCNMA1 PNKD 

patients. However, relating these baseline motor assay results to currently observed 

KCNMA1 patient phenotypes makes it unclear whether the N999S mutation cause 



 

46 
 

KCNMA1 PNKD ‘drop attacks’ in mice. 

Few mouse models of PNKD, let alone KCNMA1-specific PNKD, exist showing 

an established genotype-phenotype relation to compare to Kcnma1N999S/WT mice. Because 

of this, interpretations of results are limited by the resource restrictions of this thesis study 

without comparisons to prior models. Additionally, mouse models of paroxysmal 

dyskinesia, such as Ca2+ channelopathies, PRRT2-deficient/KO and PNKD mutant mice, 

are not characterized well in relation to patient phenotypes through similar motor assays. 

Even with these models showing more distinct dyskinesias defined by chorea and dystonia, 

prior motor assays provide little characterization of paroxysms beyond dyskinesia scoring 

(Fureman et al., 2002; Khan et al., 2004; Khan and Jinnah, 2002; Lee et al., 2012; Michetti 

et al., 2017; Shirley et al., 2008; Tan et al., 2018). This makes relating patient phenotypes 

to these mouse models difficult, especially when paroxysm triggers and EEG-determined 

epileptic status are unknown. Ca2+ channelopathy Tottering mice show paroxysms that are 

provoked by caffeine and ethanol injection as well as stress-induction, similar to triggers 

of some PNKD types (Fureman et al., 2002; McGuire et al., 2018). However, these mice, 

along with PRRT2-deficient/KO and PNKD mutant models, do not show paroxysms 

resembling the KCNMA1 PNKD ‘drop attacks’ seen in N999S patients. Ca2+ 

channelopathy, PRRT2-deficient/KO and PNKD mutant mice generally show dyskinetic 

movement as opposed to a lack of movement seen in KCNMA1 patient ‘drop attacks.’ 

(Fureman et al., 2002; Heim et al., 2020; J. Heim, 2019; Lee et al., 2012; Michetti et al., 

2017; Miller et al., 2021; Tan et al., 2018). 

Recently, a study of drosophila harboring an orthologous mutation to the KCNMA1 

D434G variant shows changes in locomotor behavior. Also, Kcnma1 mutant drosophila 
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show leg twitches in clustered bouts. These changes are associated with changes in AP 

waveform and reduced Ca2+ neurotransmitter release (Kratschmer et al., 2021). However, 

relating these results to the human KCNMA1 patient phenotypes can be difficult. First, the 

orthologous mutation shows a higher BK channel sensitivity to Ca2+ and voltage than 

heterologous expression of the D434G mutation in cells. This sensitivity difference could 

present as a different phenotype in drosophila. Second, locomotor changes were quantified 

through tracking of movement using parameters such as distance travelled and infrared 

beam breaks. Like the wheel activity assay, differences in locomotion can be indicative of 

dyskinesia, but cannot distinguish between baseline and paroxysmal dyskinesia. Finally, 

leg twitches are not the primary phenotype of PNKD observed in human KCNMA1 patients 

(Bailey et al., 2019; Heim et al., 2020; Miller et al., 2021). For these reasons, this 

drosophila model does not fully represent a genotype-phenotype relation of KCNMA1 

mutations. The D434G mutant mouse of Dong et al., 2021 could potentially be a more 

accurate model of human KCNMA1 patient phenotypes. However, D434G mutant mice 

were only tested on assays that also cannot distinguish between baseline and paroxysmal 

dyskinesia, such as rotarod and gait analysis. This mouse model provides a comparison of 

baseline motor dysfunction in Kcnma1 mutant mice, but lacks evidence of human 

phenotype recapitulation. 

 

5.2. Future Direction 

It is yet to be determined whether this immobility in Kcnma1N999S/WT mice is 

associated with absence/atonic seizures, a fear response or a novel paroxysmal trigger. 

Simultaneous EEG analysis of mice during the restraint-induced dyskinesia assay is 
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necessary to determine absence/atonic seizure association. Dyskinesia is defined by 

abnormal, involuntary movements with a lack of seizure activity. Without EEG 

monitoring, seizure activity and dyskinesia cannot be distinguished. 

Next, freezing response from fear could present as periods of immobility. A 

previous study shows fear-conditioned freezing responses in mice are associated with 

increases in neuronal excitability of lateral amygdala neurons through BK channel activity 

suppression (Sun et al., 2015). However, the N999S variant is a GOF mutation which could 

mechanistically act different in amygdaloid circuits compared to LOF channel activity 

suppression (Li et al., 2018; Moldenhauer et al., 2020). Additionally, this study used a fear-

conditioning paradigm without observing non-conditioned freezing response from acute 

changes in BK channel activity, such as pharmacologic channel blockers (Sun et al., 2015). 

The restraint-induced dyskinesia assay investigates acute stress response and does not 

qualify as a fear-conditioning paradigm as mice are under a novel restraint for only 5 

minutes. And because fear-conditioned paradigms are more prevalent in measuring 

freezing responses, there is a lack of literature on freezing responses from acute novel 

stress. This imposes a difficulty in evaluating normal freezing responses under such 

conditions. Additionally, the open field assay can detect anxiety-like behavior by 

measuring the total distance travelled by mice from spontaneous movement in a large, 

enclosed area (Crawley, 2000). Preliminary findings show that Kcnma1N999S/WT  mice show 

no significant difference in distance travelled compared to WT controls (data not shown). 

This suggests that Kcnma1N999S/WT  mice do not show spontaneous freezing behaviors. 

Finally, Kcnma1N999S/WT  do not exhibit any qualitative immobility upon everyday 

caretaking observation. However, analysis of Kcnma1N999S/WT  and Kcnma1–⁄– mice video-
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recorded in the beaker without an acute stressor is needed to test whether stress is triggering 

longer immobility in Kcnma1N999S/WT mice. Without a non-stressed control group, it is 

unclear whether this Kcnma1N999S/WT immobility is a paroxysmal dyskinesia triggered by 

stress or a dyskinesia with no, or unknown, paroxysmal trigger. While the higher 

immobility of Kcnma1N999S/WT mice shares semblance to KCNMA1 PNKD ‘drop attacks’, 

it is difficult to distinguish it from other possible behaviors without further investigation. 

Although not fully characterized, the immobility seen in Kcnma1N999S/WT mice may 

provide the possibility for treatment investigation. Anti-seizure medications are 

recommended for treatment of KCNMA1-linked channelopathy associated PNKD, though 

only some KCNMA1 patients show associations with epilepsy. This is largely due to a lack 

of FDA approved BK channel pharmacological modulators and/or a misdiagnosis of 

PNKD as being epilepsy (Bailey et al., 2019). On anti-seizure medication, one N999S 

patient showed PNKD paroxysms further provoked by oxcarbazepine, typically used for 

absence seizure treatment (Wang et al., 2017). The wide range of efficacy in anti-seizure 

medications reported from other patient cases and possible severe negative side effects 

indicate a need for research in better treatment options (Bailey et al., 2019; Du et al., 2005; 

J. Heim, 2019; Li et al., 2018; Wang et al., 2017). Recently, case studies of N999S patients 

show positive response to lisdexamfetamine (Vyvanse) stimulant therapy (Keros et al., 

2021). Though the mechanism of action is unknown, PNKD paroxysms were significantly 

reduced from baseline in all patients. Patient cases associated with epilepsy did not 

experience any worsening seizure activity. 

Due to the positive response seen in N999S patients, consideration should be given 

to investigating this stimulant therapy in Kcnma1N999S/WT mice. Stimulant therapy testing 
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in Kcnma1N999S/WT mice could prove beneficial through a modified restraint-induced 

dyskinesia assay developed from this thesis study. Injection of stimulant drug after baseline 

dyskinesia scoring of restraint-induced dyskinesia could result in a recovery of lengthy 

immobility periods in Kcnma1N999S/WT mice. Additional EEG monitoring can also be done 

simultaneously to assess if immobility is associated with seizure activity. This could not 

only recapitulate the stimulant results of N999S patient cases, but could also give further 

support that long periods of immobility in Kcnma1N999S/WT mice are indeed PNKD 

paroxysms. In turn, this stimulant assay could pave the path in investigating 

electrophysiologic and pharmacologic mechanisms for further characterization and 

treatment of KCNMA1-linked channelopathy.  
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APPENDIX 1: BK CHANNELS EXPRESSION 
 

Appendix Table 1. BK channel motor phenotype associations in cellular and animal 
models across the central and peripheral nervous system. 
 
Nervous 
System 

Location Cell/Neuron 
Type 

BK Channel 
Motor Phenotype 
Associations 
 

Source 

Central Cerebellum Purkinje Motor control, 
coordination, BK 
channel KO 
associated with 
ataxia in Kcnma1–

⁄– mice 

(Chen et al., 
2010; 
Meredith et al., 
2004; Sausbier 
et al., 2004) 

Superchiasmatic 
nucleus 
(hypothalamus) 

Superchiasmatic 
(SCN) 

Pacemaker output 
and diurnal 
excitability of 
circadian rhythm 

(Kent and 
Meredith, 
2008; 
Meredith et al., 
2006; 
Montgomery 
et al., 2013; 
White et al., 
2014; Whitt et 
al., 2016) 

Cingulate 
cortex & 
amygdala 

Cortical 
pyramidal & 
lateral 
amygdala 
(LAN)  

Fear-conditioning 
and depression-
like behavior 

(Sun et al., 
2011; Sun et 
al., 2015) 

Hippocampus Hippocampal 
pyramidal & 
dentate granules 
(DGN) 

Learning, memory 
and epileptic 
disorders 

(Choi et al., 
2018; 
Ermolinsky et 
al., 2008; 
Mehranfard et 
al., 2014, 
2015; Typlt et 
al., 2013) 
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Appendix Table 1 Continued 
 
 Striatum Cholinergic 

interneurons 
BK channels 
contribute to 
regulation of 
spontaneous firing 
and fAHP’s 

(Goldberg and 
Wilson, 2005; 
Rueda-Orozco 
and Robbe, 
2015; Wilson 
and Goldberg, 
2006) 

 Somatosensory 
Cortex 

Cortical 
pyramidal 

Seizure-induced 
GOF in BK 
channels and 
NIPA2 KO mice 
associated with  
increases in 
neuronal 
excitability 

(Benhassine 
and Berger, 
2009; Gómez 
et al., 2021; 
Liu et al., 
2019; Shruti et 
al., 2008) 

Peripheral Neuromuscular 
junction (NMJ) 

Motor 
neuron/muscle 
fiber junction 

Regulation of 
synaptic 
depression, AP 
repolarization and 
Ca2+-dependent 
pre-synaptic 
vesicle release. 
Associated with 
Kcnma1–⁄– mice 
muscle weakness 

(Ford and 
Davis, 2014; 
Pattillo et al., 
2001; 
Robitaille and 
Charlton, 
1992; 
Vatanpour and 
Harvey, 1995; 
Wang et al., 
2020) 

Skeletal muscle Myoblasts, 
slow/fast twitch 
muscle fibers 

Regulation of 
myoblast 
proliferation/migra
tion associated 
with myotonic 
dystrophy. 
Kcnma1–⁄– mice 
associated with 
muscle atrophy 

(Dinardo et al., 
2012; Maqoud 
et al., 2017; 
Tajhya et al., 
2016; 
Tricarico et al., 
2005) 
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APPENDIX 2: DESCRIPTIONS OF DYSKINESIA RODENT MODELS  
 

Appendix Table 2. Phenotype descriptions in rodent models of baseline and 
paroxysmal dyskinesias. 
 
Strain Target Gene Phenotype Source 

R6/5/2/1 HTT 
CAG repeat 

Resting tremor, movements 
resembling chorea, stereotypic 
involuntary movements and a mild 
ataxia. Dyskinesia/dystonia when 
held by tail. Severe handling-
induced epileptic seizures. 

(Mangiarini et al., 
1996) 

RGS9 KO 
+ L-Dopa 
Treatment 

RGS9 
KO 

Abnormal motor behavior that 
resembles levodopa-induced 
dystonia and dyskinesia  including 
excessive sideward and backward 
motions, difficulty maintaining an 
upright posture, frequent rapid 
jerky (tonic) movements of 
hindlimbs and an excessively bent 
trunk resembling dystonia. 

(Kovoor et al., 
2005; Strecker et 
al., 2012) 

PRRT2 
Deficient/ 
KO 

PRRT2 
Stop codon at 
exon 2 C649 

Some spontaneous dyskinesia and 
dystonia. Repeated administration 
of an initially sub-convulsive 
electric stimulus results in seizures 
followed by choreiform 
movements and then dystonic 
posturing of the trunk, limbs and 
tail 

(Michetti et al., 
2017; Tan et al., 
2018) 

Tottering Cacna1a 
Cav2.1 
α1a subunit 

Slow extension and contraction of 
hindlimbs. Severe flexion of upper 
limbs, head and neck and paddling 
movements of both hindlimbs. 
Induced by stress, caffeine, ethanol 
but not exertion. Associated with 
absence seizures.  

(Fureman et al., 
2002) 

Rocker Cacna1a 
Cav2.1 
α1a subunit 

Baseline same as tottering. Attack 
almost all in females, reduced 
frequency, shorter and less severe 
than tottering. Dystonic flexion of 
one limb and limited spread before 
termination. 

(Shirley et al., 
2008) 

 



 

54 
 

Appendix Table 2 Continued 

 
Lethargic Cacnb4 

Cav2.1 
β4 subunit 

Ataxia at baseline, circling, listing 
to one side, exaggerated flexion or 
extension of the trunk, falling, 
clonic limb movement with tonic 
extension/retraction. 

(Khan and Jinnah, 
2002) 

Stargazer Cacng2 
L-type Ca2+ 
channel 
γ1 subunit 

Circling, hyperactivity, and 
frequent chaotic movements of the 
head in both vertical and horizontal 
directions – absence seizures. 

(Khan et al., 2004) 

PNKD 
mut-TG 

MR-1/PNKD 
gene 
A6V & A8V 
mutations 

No baseline phenotype. Dyskinesia 
induced from stress, caffeine and 
ethanol. Oral-facial movements 
(e.g., tongue protrusions), 
stereotypic movements, severe 
axial stiffness (dystonia) from 
caffeine. 

(Lee et al., 2012) 
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APPENDIX 3: ALL CATWALK PARAMETERS AND WEIGHT COMPARISON 
 

Appendix Table 3. Comparison of all significant CatWalk parameters p-values across 
Kcnma1N999S/WT, Kcnma1D434G/WT and Kcnma1–⁄– cohorts. All parameters represented are 
of statistical significance (p<0.05) in at least one of the three experimental cohorts. All paw 
statistics (front right, front left, hind right, hind left, forelimbs, hindlimbs) are represented 
when possible. For further parameter descriptions, refer to CatWalk XT manual. 
 

 Kcnma1N999S/WT Kcnma1D434G/WT Kcnma1–⁄– 
Stand Index (cm2/s)       
     Right Front 0.0044 0.7947 0.3656 
     Left Front 0.1557 0.1598 0.7548 
     Right Hind 0.0187 0.6895 0.5977 
     Left Hind 0.0596 0.8949 0.1364 
     Forelimbs 0.0247 0.4123 0.5060 
     Hindlimbs 0.0212 0.7688 0.2048 
Max Contact At (%)       
     Right Front 0.4124 0.3185 0.0001 
     Left Front 0.1398 0.4607 0.0003 
     Right Hind 0.6916 0.0397 0.0616 
     Left Hind 0.9695 0.1885 0.3162 
     Forelimbs 0.2098 0.3521 0.0001 
     Hindlimbs 0.7843 0.8374 0.1183 
Max Contact Area (cm²)       
     Right Front 0.0402 0.7414 0.0243 
     Left Front 0.1120 0.3672 0.0394 
     Right Hind 0.7166 0.5841 0.0352 
     Left Hind 0.2603 0.8642 0.0233 
     Forelimbs 0.0412 0.7425 0.0253 
     Hindlimbs 0.3797 0.8615 0.0160 
Max Contact Max Intensity       
     Right Front 0.2049 0.4300 0.0991 
     Left Front 0.1058 0.1120 0.0714 
     Right Hind 0.3600 0.6639 0.0182 
     Left Hind 0.4817 0.7004 0.0427 
     Forelimbs 0.1361 0.2122 0.0751 
     Hindlimbs 0.3897 0.9812 0.0239 
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Appendix Table 3 Continued 
 
Max Contact Mean Intensity       
     Right Front 0.8653 0.5379 0.0004 
     Left Front 0.7187 0.5284 0.0001 
     Right Hind 0.9959 0.6118 0.0003 
     Left Hind 0.9857 0.2940 0.0029 
     Forelimbs 0.9300 0.5303 0.0002 
     Hindlimbs 0.8490 0.4254 0.0007 
Print Length (cm)       
     Right Front 0.4490 0.3177 0.0003 
     Left Front 0.9779 0.7151 0.0560 
     Right Hind 0.5974 0.5659 0.0489 
     Left Hind 0.4935 0.4830 0.0089 
     Forelimbs 0.6416 0.6870 0.0046 
     Hindlimbs 0.4606 0.8913 0.0038 
Print Width (cm)       
     Right Front 0.9329 0.8926 0.0126 
     Left Front 0.8528 0.0099 0.0005 
     Right Hind 0.2722 0.6995 0.0681 
     Left Hind 0.4635 0.8388 0.0085 
     Forelimbs 0.9637 0.1223 0.0005 
     Hindlimbs 0.9490 0.9282 0.0090 
Print Area (cm²)       
     Right Front 0.2975 0.6144 0.0192 
     Left Front 0.3478 0.4202 0.0488 
     Right Hind 0.7417 0.8235 0.0604 
     Left Hind 0.3837 0.9653 0.0271 
     Forelimbs 0.2802 0.8692 0.0261 
     Hindlimbs 0.4819 0.9271 0.0219 
Max Intensity At (%)       
     Right Front 0.9790 0.4971 0.0375 
     Left Front 0.1202 0.9198 0.1238 
     Right Hind 0.8460 0.7336 0.2240 
     Left Hind 0.1295 0.4078 0.0296 
     Forelimbs 0.3062 0.7337 0.0446 
     Hindlimbs 0.4035 0.5413 0.0349 
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Appendix Table 3 Continued 
 
Max Intensity       
     Right Front 0.2029 0.6238 0.0767 
     Left Front 0.1804 0.0619 0.0633 
     Right Hind 0.3758 0.6767 0.0192 
     Left Hind 0.4183 0.5291 0.0276 
     Forelimbs 0.1818 0.2370 0.0651 
     Hindlimbs 0.3731 0.9122 0.0184 
Min Intensity       
     Right Front 0.9916 0.6001 0.0001 
     Left Front 0.9866 0.6279 0.0001 
     Right Hind 0.7912 0.7337 0.0001 
     Left Hind 0.6063 0.5137 0.0001 
     Forelimbs 0.9891 0.6139 0.0001 
     Hindlimbs 0.9041 0.6090 0.0001 
Mean Intensity       
     Right Front 0.9040 0.5653 0.0003 
     Left Front 0.9014 0.5012 0.0001 
     Right Hind 0.8036 0.7354 0.0003 
     Left Hind 0.9990 0.2890 0.0013 
     Forelimbs 0.9993 0.5298 0.0001 
     Hindlimbs 0.9014 0.4861 0.0004 
Mean Intensity of the 15 Most 
Intense Pixels       
     Right Front 0.3778 0.6384 0.0109 
     Left Front 0.4165 0.2557 0.0073 
     Right Hind 0.6389 0.9899 0.0048 
     Left Hind 0.5016 0.4481 0.0103 
     Forelimbs 0.3867 0.4156 0.0079 
     Hindlimbs 0.5440 0.6762 0.0053 
Swing (s)       
     Right Front 0.0035 0.2256 0.5048 
     Left Front 0.0017 0.2428 0.4572 
     Right Hind 0.3858 0.7679 0.0923 
     Left Hind 0.9382 0.5702 0.0493 
     Forelimbs 0.0008 0.1593 0.4510 
     Hindlimbs 0.4484 0.8164 0.0462 
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Appendix Table 3 Continued 
 
Swing Speed (cm/s)       
     Right Front 0.0565 0.2684 0.1415 
     Left Front 0.1142 0.5152 0.2194 
     Right Hind 0.4253 0.7882 0.0680 
     Left Hind 0.3390 0.7055 0.0115 
     Forelimbs 0.0741 0.3053 0.1472 
     Hindlimbs 0.3219 0.9353 0.0121 
Stride Length (cm) 
     Right Front 
     Left Front 
     Right Hind 
     Left Hind 
     Forelimbs 
     Hindlimbs 

0.3164 
0.3691 
0.3616 
0.1623 
0.3353 
0.2174 

0.7996 
0.7776 
0.9869 
0.5941 
0.7832 
0.7005 

0.9487 
0.7541 
0.8746 
0.4707 
0.9139 
0.7134 

Step Cycle (s)       
     Right Front 0.0268 0.2976 0.3745 
     Left Front 0.0270 0.1632 0.5809 
     Right Hind 0.1372 0.5200 0.4396 
     Left Hind 0.2248 0.9640 0.8702 
     Forelimbs 0.0238 0.2143 0.4607 
     Hindlimbs 0.1288 0.6956 0.8150 
Duty Cycle (%)       
     Right Front 0.2705 0.7332 0.9552 
     Left Front 0.8973 0.5059 0.4572 
     Right Hind 0.4342 0.5902 0.0923 
     Left Hind 0.7731 0.7194 0.0493 
     Forelimbs 0.4485 0.9969 0.8771 
     Hindlimbs 0.5405 0.6050 0.0185 
Single Stance (s)       
     Right Front 0.0276 0.3443 0.5936 
     Left Front 0.0009 0.0885 0.8197 
     Right Hind 0.3159 0.5696 0.8636 
     Left Hind 0.5551 0.4492 0.0810 
     Forelimbs 0.0012 0.1153 0.8259 
     Hindlimbs 0.6674 0.3463 0.2471 
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Appendix Table 3 Continued 
 
Terminal Dual Stance (s)       
     Right Front 0.5016 0.4677 0.2916 
     Left Front 0.4280 0.5951 0.7845 
     Right Hind 0.3988 0.2862 0.8822 
     Left Hind 0.0254 0.7143 0.4607 
     Forelimbs 0.4486 0.9266 0.4737 
     Hindlimbs 0.1317 0.4631 0.6882 
Base of Support (cm)       
     Forelimbs 0.6530 0.8688 0.0029 
     Hindlimbs 0.4837 0.4728 0.0105 
Other Parameters       
     Regularity Index (%) 0.0141 0.2804 0.1681 
     Cadence 0.0259 0.5115 0.5672 
     Couplings RH->RF CStat Mean 0.0736 0.0307 0.6338 
     Couplings LH->LF CStat Mean 0.2043 0.0271 0.1914 
     Couplings LH->RF CStat R 0.1094 0.8636 0.0400 
     Support Single (%) 0.9592 0.9008 0.0036 
     Support Girdle (%) 0.2967 0.1639 0.0118 
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Appendix Figure 1. Kcnma1–⁄– mice show lower weight prior to CatWalk gait capture. 
Mouse weight the day of CatWalk assay. Unpaired Welch’s t-test performed on all groups. 
(A) Kcnma1N999S/WT cohort (n=10, Kcnma1WT/WT; n=11, Kcnma1N999S/WT). Kcnma1N999S/WT 
show no significant difference to WT controls (p=0.7448) (B) Kcnma1D434G/WT cohort 
(n=11, Kcnma1WT/WT; n=9, Kcnma1D434G/WT). Kcnma1D434G/WT show no significant 
difference to WT controls (p=0.2277) (C) Kcnma1–⁄– cohort (n=9, Kcnma1+/+; n=10, 
Kcnma1–/–). Kcnma1–⁄– mice show lower weight (p=0.0442). 
 
As weight differences between sex can affect paw parameters as well, cohorts were sex-
matched as closely as possible. Kcnma1N999S/WT cohort: n=5, Kcnma1WT/WT male; n=5, 
Kcnma1WT/WT female; n=6, Kcnma1N999S/WT male; n=5, Kcnma1N999S/WT female. 
Kcnma1D434G/WT cohort: n=6, Kcnma1WT/WT male; n=4, Kcnma1WT/WT female; n=3, 
Kcnma1D434G/WT male; n=6, Kcnma1D434G/WT female. Kcnma1–/– cohort: n=3, Kcnma1+/+ 
male; n=3, Kcnma1+/+ female; n=6, Kcnma1–/– male; n=1, Kcnma1–/– female.  
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APPENDIX 4: REPRESENTATIVE IMAGES AND VIDEO OF RESTRAINT-
INDUCED DYSKINESIA BEHAVIOR 
 

 
 
Appendix Figure 2. Representative images of Kcnma1WT/WT and Kcnma1N999S/WT mice. 
Images from restraint-induced dyskinesia video recordings. (A-B) Mice exhibiting 
immobility of the body, head and limbs with normal respiration. Kcnma1N999S/WT mice 
show a more hunched posture. (A) Kcnma1WT/WT mouse. (B) Kcnma1N999S/WT mouse. (B) 
Kcnma1WT/WT mouse exhibiting rearing behavior with both forelimb paws contacting the 
side of the beaker. (C) Kcnma1WT/WT mouse exhibiting grooming behavior of face and 
forelimbs while reared on both hindlimbs.  
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Appendix Video 1. Representative video of Kcnma1N999S/WT, Kcnma1WT/WT and 
Kcnma1–⁄– mice. Video recordings taken 1 minute after hand restraint and placement of 
mice in beaker. Left: Kcnma1N999S/WT show longer immobility with a more hunched 
posture with occasional myoclonus of the head and trunk. Middle: Kcnma1WT/WT mice 
show some period of immobility with normal stereotypic and exploratory behavior. 
Right: Kcnma1–⁄– mice trend towards showing hyperactivity with unsteady and jerky 
movements of the body, head and limbs. Kcnma1–⁄– mice also trend towards showing less 
stereotypic behaviors.  
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