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Abstract

Purkinje cells play a central role in motor coordination and movement, two
processes that are compromised by cerebellar ataxias. Purkinje cells are called
pacemakers because they exhibit an intrinsically generated, tonic firing pattern. The
intrinsic firing pattern of Purkinje cells is modified by inhibitory and excitatory
input, and constitutes the sole output from the cerebellar cortex. Therefore,
aberrations in cerebellar processing are encoded as a modified Purkinje cell output.
For example, a decrease in the precision of Purkinje cell pacemaking has been
implicated in ataxia. Episodic ataxia/myokymia type 1 (EA1) is caused by mutations
of the voltage-gated potassium channel Kv1.1. In patients with EA1, physical or
emotional stress can trigger attacks of imbalance and loss of motor control. The
carbonic anhydrase inhibitor acetazolamide reduces the frequency and severity of
these attacks.

In this thesis, I first examined a mouse model of EA1, and sought to
determine whether imprecision of Purkinje cell pacemaking causes the stress-
induced motor deficits. Increased GABAergic inhibition in Purkinje cells reduced the
precision of Purkinje cell pacemaking. The precision deficit was exacerbated by f3-
adrenergic receptor activation, a model of the effects of stressful events that can
precipitate attacks in patients with EA1. The precision deficit was ameliorated by
acetazolamide, which also occluded the effects of subsequent $-adrenergic receptor
activation. These results suggest that alteration of Purkinje cell pacemaking

underlies ataxia in EA1.
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In the second half of this thesis, I analyzed the relationship between Purkinje
cell pacemaking precision and motor coordination in a mouse with reduced
expression of the small conductance Ca?* activated potassium channel SK2 (SK2f/f),
Ca2+-activated potassium currents are central to the timing of action potentials.
Purkinje cells in SK2f/fl mice displayed irregular pacemaking in the majority of
lobules (I-VII) within the cerebellar vermis, but this deficit did not affect motor skills
as measured by balance beam and accelerating rotarod assays. A minority of the
cerebellar cortex, comprised of lobules VIII and IX, had normal Purkinje cell
pacemaking in SK2f/fl animals. Ablation of this region removed all regular Purkinje
cell firing from the SK2f/fl vermis, and unmasked a motor deficit assayed by the
balance beam. This result supports the notion that Purkinje cell pacemaking is
required for cerebellar-dependent motor tasks. Conversely, lobule VIII/IX ablation
failed to elicit a performance deficit on the accelerating rotarod in SK2f/fl mice,
suggesting that regular Purkinje cell firing in the vermis is not required for all

cerebellar-dependent tasks.
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I. INTRODUCTION

The K™ channel superfamily

The distinguishing feature of all potassium channels is selective potassium
conductance. Potassium-selective channels comprise the largest and most
diverse superfamily of ion channels, with over 70 known mammalian genes (Yu
et al., 2005). With this variety of genes, it is not surprising that potassium
channels play a role in most, if not all, living cells. Indeed, most cell types
express many different potassium channel family members (Miller, 2000).
Potassium channels are activated by various stimuli, including depolarization,
hyperpolarization, Ca**, and ATP. In non-neuronal cells, potassium channels
perform a range of functions that include control of heart rate and hormone
secretion. In the cells of the nervous system, potassium channels are central to
controlling membrane excitability. Because the reversal potential for potassium is
negative to resting potential in neurons, opening of these channels tends to
dampen excitability. The exception is inwardly rectifying potassium channels,
briefly described below. Electrical dampening by potassium channel activity has
varied effects depending on the neuronal subtype and the cellular compartment.
These include control of membrane resting potential, counter-balancing
membrane depolarization by synaptic inputs, and repolarization of the membrane

after action potentials. The activation kinetics of voltage-gated potassium
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currents determines the rhythmic activity of neurons. Somewhat paradoxically,
dampening of excitation is necessary for high frequency firing of neurons (Hille,
2001). The functional diversity of potassium channels reflects not only gene
number, but also RNA editing, alternative splicing, post-translational
modifications (e.g. phosphorylation, ubiquitination), channel modification by
association with accessory subunits (Gutman et al., 2005; Li et al., 2006), and
heteromeric assembly of sub-family members (Coetzee W.A et al., 1999). For an
in-depth discussion of the molecular diversity of potassium channels, see

Coetzee et al., 1999.

The K" channel pore

Potassium channels favor potassium over sodium by a factor of 10* (Hille,
2001). The sequence/structure of the pore and the selectivity filter are highly
conserved among all the varied family members (Miller, 2000). The selectivity for
potassium is based on the signature sequence of amino acids GYG
(Heginhotham et al., 1992; Heginhotham et al., 1994). This selective pore can
conduct K* ions at rates up to 10® ions per second, which approaches the
conduction velocity of aqueous diffusion. The seeming paradox of this high
selectivity with the remarkably high conduction rate was explained when the
crystal structure of KcsA, a potassium channel from bacteria was solved (Doyle

et al., 1998 ). Carbonyl oxygens of the GYG signature sequence are spaced
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along the 12-Angstrom selectivity filter at perfect intervals for charge-charge
interactions that fit the radius of potassium ions. Two K* ions fit in the pore
simultaneously, and their electrostatic repulsion contributes to conduction
velocity. With its smaller radius, Na* encounters a larger energy barrier to move
from one interaction to the next. High sequence homology of both the pore and
selectivity filter in all potassium channels indicates that this crystal structure
accurately describes all superfamily members, a prediction that has held true

(Long et al., 2005).

K* channel phylogeny based on trans-membrane topology

All potassium channels are complexes of subunits with four pore-forming
domains required to form a pore. A channel can be assembled as a dimer of two
subunits each with 2 pore-forming domains, or a tetramer of 4 subunits each
with 1 pore-forming domain. The superfamily consists of three structural groups,
based on their trans-membrane topology: 6TM 1P (6 transmembrane domains, 1

pore-forming domain), 2TM 1P, and 4TM 2P (fig. 1).



Figure 1. Dendrogram showing the three main groups (by membrane topology) of
mammalian potassium channel alpha subunits, with 71 species. Image taken
from Guman, G.A., Chandy, K.G., Adelman, J.P., Aiyar, J., Bayliss, D.A,,
Clapham, D.E., Covarriubias, M., Desir, G.V., Furuichi, K., Ganetzky, B., et al.
(2003). International Union of Pharmacology. XLI. Compendium of voltage-gated

ion channels: potassium channels. Pharmacol Rev 55, 583-586.
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2TM 1P subunits assemble as tetramers to form inwardly rectifying potassium
channels (Kir), which allow inward K" currents at hyperpolarized potentials.
Outward K* currents are blocked by intracellular polyamines, thus conferring the
inward rectification. Kir channels regulate neuronal as well as non-neuronal
signaling, including the heart rate (by controlling action potential duration in
cardiac muscle), insulin release, and blood flow. This group includes the renal
outer medullary potassium channels, G protein-coupled receptor-coupled K*
channels, and ATP-sensitive members. 4TM 2P subunits form dimers to achieve
the necessary 4 pore-forming domains. These are classically known as the “leak”
channels that contribute to maintenance of the resting membrane potential.

6TM 1P subunits comprise the largest family. These subunits form tetrameric
structures, and can be subdivided into the voltage-gated potassium channels,
and the voltage-insensitive calcium-activated potassium channels. Voltage-gated
channels contribute to repolarization after action potentials. Inter-spike intervals
are set, in part, by the kinetics of this repolarization, meaning that 6TM 1P
channels in large part determine frequency of neuronal firing. Calcium-activated
channels are themselves divided into 2 groups: large conductance (BK), and
small conductance (SK). These two groups dampen excitability following calcium
influx, which can manifest as negative feedback during excitatory postsynaptic
potentials (EPSPs), or as the after-hyperpolarization (AHP) following action

potentials (Coetzee et al., 1999). Two 6TM 1P potassium channels are central to



this thesis: Kv1.1-containing voltage-gated channels, and the small-conductance
calcium-activated potassium channel SK2. Both of these channels play a role in

cerebellar processing.

Cerebellar anatomy

The cerebellum (Latin for “little brain”) is a highly organized brain structure
that is central to motor processing. The deep cerebellar nuclei in the interior of
the cerebellum are wrapped in the white matter of the Purkinje cell axons that
innervate them. The cerebellar cortex has three morphologically distinct layers
(Fig. 2). The first layer (innermost to the white matter) is the granule cell layer.
This layer is mostly composed of densely packed granule cells, numbering above
10'° in the human brain. Although the cerebellum accounts for 10 percent of the
brain by weight, cerebellar granule cells account for more than half of the
neurons in the entire nervous system. Two interneuron types, Golgi cells and
Lugaro cells, are interspersed among the granule cells. The second layer of the
cortex consists of Purkinje cell bodies, the principal cells of the cerebellum. The
planar spread of Purkinje cell dendrites extends into the molecular layer, which is
populated by basket and stellate interneurons, as well parallel fibers arising from
granule cells.

Two major projections enter the cerebellum, both excitatory. Climbing fibers

arise from the inferior olive carrying sensory information and feedback from the



cerebral cortex. Climbing fibers synapse onto the soma and dendrites of Purkinje
cells, and elicit large depolarizations, resulting in complex spikes. Mossy fibers,
like climbing fibers, convey both sensory information and feedback from the
cerebral cortex. Mossy fiber projections arise from spinal cord and brainstem
nuclei, and form excitatory synapses onto granule cell dendrites. Granule cells
give rise to the parallel fibers. Parallel fibers project into the molecular layer,
where they bifurcate and run longitudinally along the folia forming excitatory
synapses onto Purkinje cell dendrites and molecular layer interneurons, basket
cells and stellate cells. Basket cells form large, soma-engulfing presynaptic
terminals onto Purkinje cells. The basket cell to Purkinje cell inhibitory synapse is
a principal focus of this thesis. Finally, Purkinje cells project inhibitory contacts to
the deep cerebellar nuclei. Purkinje cells are the sole output; their action
potentials encode the sum total of processing in the cerebellar cortex. (Kandel,
2000; Manto and Pandolfo, 2002).

In addition to the main inputs from climbing and mossy fibers, the cerebellum
receives aminergic input from nuclei in the brainstem: dopaminergic inputs arise
from nucleus A10; noradrenergic inputs from locus ceruleus; and serotoninergic
inputs from the raphe nuclei. The noradrenergic inputs synapse onto distal
Purkinje cell dendrites and basket cells, one function of which is addressed by

experiments in chapter 2 of this thesis.



Figure 2. Lithograph plate detailing the synaptic connections of the cerebellar
cortex. Transverse section of a cerebellar folium. (Diagrammatic, after Cajal and

Kolliker.) Gray’s Anatomy of the Human Body, 20" Ed. 1918.
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Purkinje cells are intrinsic pacemakers

Brain activity has to start somewhere. Although most neurons require external
stimulation to fire action potentials, a few types fire action potentials
spontaneously, and are thus termed pacemakers. Many CNS neurons exhibit
pacemaking, including cells of the locus coeruleus (Williams et al.,, 1984),
thalamic neurons (Jahnsen and Llinas, 1984), and cells of the suprachiasmatic
nucleus (Pennartz et al., 1997). Purkinje cells also exhibit intrinsic pacemaking.
In vivo Purkinje cell recordings demonstrate regular, spontaneous action
potentials (Bell and Grimm, 1969, Latham and Paul, 1971), which is maintained
in cultured Purkinje cells (Gruol and Franklin, 1987; Raman and Bean, 1999) and
in acute cerebellar slices (Hounsgaard, 1979; Llinas and Sugimori, 1980
(Hausser and Clark, 1997a), all in the presence or absence of synaptic
transmission. Climbing fiber stimulation interrupts this tonic firing pattern, eliciting
short bursts called complex spikes (Eccles et al., 1966; Eccles et al., 1967;
Martinez et al., 1971).

The classic pacemaker cell, the cardiac myocyte, activates I, during the
hyperpolarization of the action potential undershoot. I, activation then
depolarizes the cell to approximately -50mV, activating T-type Ca** channels and
the subsequent action potential. The depolarization deactivates Iy and activates

K" channels, terminating the action potential and hyperpolarizing the membrane.
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This hyperpolarization simultaneously removes inactivation of I, and activates it
again. This sequence of events repeats like the swing of a pendulum.

The unique pacemaker mechanism in Purkinje cells is a resurgent Na* current
(Raman and Bean, 1997; Raman and Bean, 1999). Depolarization of Purkinje
cells to +30mV, followed by repolarization to -40mV, results in a large, transient,
inward current that is TTx-sensitive. The Na" channels responsible for the
resurgent current are the same as those that underlie the rising phase of the
action potential. Resurgent Na“ currents allow Purkinje cells to fire action
potentials at high frequencies. The cytoplasmic tail of the 4 subunit of the Na*
channel occludes the pore, inactivating the channel. This blocking peptide binds
to a site on the alpha subunit when the membrane is depolarized precluding
classical inactivation. After repolarization, the blocking peptide is released from
the alpha subunits, allowing a resurgent current to begin anew. This inactivation
mechanism results in a much shorter refractory period between action potentials,
accounting for spontaneous regular firing and high frequency of firing (Raman
and Bean, 1997) (Grieco et al., 2005).

The Bean laboratory, using trains of pre-recorded action potentials as voltage
commands, in conjunction with ion substitution and selective blockers, elucidated
the ionic currents underlying spontaneous activity in dissociated Purkinje cells
(Raman and Bean, 1999). A current that maintains spontaneous action potentials

would be expected to be prominent in the interspike interval. In their experiments,
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as the membrane potential rose from -65 to -60 mV in their imposed spike trains,
the predominant current was TTx-sensitive, and carried by Na'. Large voltage-
dependent Ca** currents were observed during spiking. Rather than depolarizing
the cell, the net effect of these Ca®" currents was to hyperpolarize the cell by
activating Ca®'-activated potassium currents. Both T-type and P-type Ca2*
channels are expressed in Purkinje cells. T-type channels had a net depolarizing
effect, as the specific blocker mibefradil decreased firing frequency by 30%,
which implies that P-type calcium channels are the trigger for activation of
calcium-activated potassium channels. Blocking all Ca2" channels with cobalt did
not stop firing in most neurons, but did reduce firing rate by 30% in their study.
The voltage-gated potassium currents that repolarize the neuron after spikes
deactivate quickly, pre-empting large hyperpolarizations, and re-establishing the
input resistance necessary for the next spike. I, was present, but was not
necessary for modulating activity or firing rate. This lack of reliance on Iy

distinguishes Purkinje cells from most other pacemakers.
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Figure 3. Cell of Purkinje from the cerebellum. Golgi method. (Santiago Ramon y
Cajal.) a. Axon. b. Collateral. ¢ and d. Dendrons. Engraving. Gray’s Anatomy of

the Human Body, 20" Ed. 1918.
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Synaptic modulation of Purkinje cell output

Basket cell interneurons fire spontaneously in vivo and in vitro, providing a
basal level of inhibitory tone in Purkinje cells. Acutely dissociated Purkinje cell
preparations, such as those used to investigate the pacemaker mechanism, lack
dendrites and synaptic inputs. Isolated Purkinje cells fire faster (50 Hz vs. 40 Hz),
possibly because they lack inhibitory GABAergic input. In agreement with this
idea, the firing frequency of dissociated Purkinje cells is similar to Purkinje cells
in slice experiments in the presence of the GABAa receptor blocker picrotoxin.
Purkinje cells summate all excitatory and inhibitory activity in cerebellar cortex
and provide its sole output. Information from the cerebellar cortex is conveyed
not only through the constant rate of Purkinje cell firing but also, and perhaps
more importantly, through rate and mode changes. The spontaneous regular
firing of Purkinje cells allows for bi-directional modulation by excitatory and
inhibitory contacts. Bidirectional modification allows for faster encoding of the

time-variant information from cortical and sensory inputs (Eccles, 1973).

The cerebellar ataxias

The cerebellum is required for motor coordination, and damage to the
cerebellum can result in severe motor deficits. Much of what we know about
cerebellar function has been defined by what goes wrong when it fails. The main

motor signs of cerebellar dysfunction are tremor associated with intentional
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movements, and ataxias. The cerebellar ataxias comprise a class of debilitating
diseases that disrupt motor coordination and movement. Ataxias can result from
genetic mutation, as well as physical lesions, toxic insult, or mis-regulated
development of the cerebellum.

Many hereditary ataxias result from mutations in ion channel genes, although
the biophysical effects of the mutation and underlying cellular mechanisms are
only partially understood. The cerebellar disorder episodic ataxia/myokymia type
1 (EA1l) maps to KCNA1, and Episodic ataxia type 2 (EA2) results from
mutations in P/Q-type voltage-gated Ca?* channel genes. These channelopathies
can tell us much about the function of the cerebellum, and the role of K" channels

in cerebellar processing.

Episodic ataxia/myokymia type 1

EA1 is an inherited autosomal dominant neurological disorder characterized
by attacks of uncontrolled movements and imbalance (Ashizawa et al., 1983).
Attacks can be induced by both physical and emotional stress. These attacks are
ameliorated in many individuals by the carbonic anhydrase inhibitor
acetazolamide, although its mechanism of action is not known. Attacks last a
matter of minutes, and can occur multiple times per day (Gancher and Nutt,
1986). Symptoms and responses to treatment vary both between and within

families.
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EA1l has been linked to missense and, in one case, nonsense, point
mutations in KCNAL, the gene that encodes the voltage-gated delayed rectifier
potassium channel subunit Kv1.1 (Browne et al., 1994; Litt et al., 1994; Browne
et al., 1995). KCNAL is the mammalian homolog of the Drosophila gene Shaker,
the first cloned potassium channel gene (Tempel B.L. et al.,, 1987). Shaker
mutant flies demonstrate a loss of motor control phenotype: shaking legs during
the period immediately following ether anesthesia. Similarly, a single missense
point mutation in KCNA1 causes loss of motor control in EALl patients during
stress.

EA1 mutations are scattered throughout the Kv1.1 protein, but occur at
evolutionarily conserved positions in KCNA1 (Litt et al., 1994; Browne et al.,
1995; Comu et al.,, 1996; Zuberi et al., 1999; Lee et al.,, 2004). Some EA1l
mutations, including F249I, reduce surface expression of the protein, and are
thought to confer disease through haplo-insufficiency. However, most EAl
mutant subunits form functional channels. All of the EA1 mutations reduce
current amplitudes, reflecting a loss of function of Kv1.1 containing voltage gated
K" channels. This reduction results from various biophysical alterations among
the different familial mutations. For example, E325D mutants cause right-shifted
voltage-dependence of activation, resulting in reduced activation at physiological
membrane voltages. Other mutants cause unstable open states, or altered

kinetics of activation, deactivation, or inactivation. (Adelman et al., 1995; Comu et
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al., 1996; Zerr et al., 1998b, a; Zuberi et al., 1999; Maylie et al., 2002a) (Figure
4).

The mutation most carefully considered in this thesis is V408A, which resides
on the cytoplasmic end of S6 flanking the pore domain. The unstable open state
of homomeric V408A channels expressed in oocytes causes a 10-fold increase
in the deactivation rate (Adelman et al.,, 1995), as well as alterations of
inactivation kinetics (Maylie et al., 2002a).

All EA1 patients are heterozygous for their particular familial mutation in
KCNAL, suggesting that homozygous mutations are lethal. Expressed mutant
Kv1.1 subunits have a dominant negative effect through co-assembly with WT
subunits to form the many possible configurations of Kvl.1 channels. These
heteromeric channels typically display biophysical profiles that are intermediate
between homomeric mutant and homomeric wild type channels (Zerr et al.,
1998b; Maylie et al., 2002b). Kv1l channels are divided into seven subfamilies
based upon primary sequence homology and the ability to form heteromeric
channels with other Kv1 family subunits. Kvl channel diversity of function results
in large part from these heteromeric combinations, and is amplified by
association with various beta subunits. Although much of the work describing the
biophysical consequences conferred by EA1 mutations is based on homomeric

expression studies, Kv1.1 subunits are predominantly if not
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Figure 4: Topographical illustration of the known familial EA1 mutations within the

Kv1.1 subunit. Four such subunits combine to form functional K* channels.
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always incorporated into heteromeric channels in vivo (Coleman et al., 1999).
Kvl1.1 typically forms heteromeric complexes with other Kvl family members,
particularly 1.2, 1.4, and 1.6. Like the co-expression of mutant Kv1.1 with WT
Kvl.1, the effects of the EA1 mutations are conferred in a dominant negative
fashion onto all the heteromeric channels that can be formed with other Kvl
subunits.

The ramifications of all stoichiometric combinations are difficult to predict. The
unstable open states might result in reduced ability of mutant subunit-containing
channels to contribute to the establishment of resting potential and/or action
potential re-polarization. This could lead to prolonged action potentials, increased
Ca?! influx, and increased neurotransmitter release. To study the ramifications of
the loss of function mutations in whole animals, the Adelman and Maylie
laboratories inserted the V408A mutation into the mouse genome by homologous
recombination. The resulting mouse model of EA1 recapitulates the key aspects
of the disease: Stress induction of the ataxic phenotype, and acetazolamide
amelioration (Herson et al., 2003). This mouse model can be used to determine

how a single point mutation in KCNAL can confer a stress-induced motor deficit.

+/V408A Purkinje cells receive increased GABAergic input
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Basket cells contribute the main GABAergic input to Purkinje cells at large
axo-somatic contacts (Ito, 1984). This architecture suggests that basket cells
have great influence over the ultimate output of the cerebellar cortex.
Immunohistochemistry and in situ hybridization data, as well as direct
electrophysiological recordings from presynaptic terminals, show that Kvl.1
channels (and hence the V408A mutation) are heavily expressed in the basket
cell synaptic terminals and axonal branch points, but are not expressed in the
Purkinje cells (Fig. 5) (Tsaur et al., 1992; Wang et al., 1994; Southan and

Robertson, 1998).
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Figure 5. Top, Kv1.1 reaction product in the Purkinje cell layer of the cerebellar
cortex. Bottom, Kv1.1 expression is restricted to basket cell presynaptic terminals
that surround Purkinje cells. Kv1.1 is not expressed postsynaptically in Purkinje
cells. Immunohistochemistry and transmission electron micrographs by Wang et

al., 1994.
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Figure 5.
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This expression pattern, and the decreased repolarizing activity in cells
expressing EA1 mutant channels, could cause basket cells to release more
GABA. Consistent with this idea, GABAergic synaptic currents in +/V408A
Purkinje cells have a higher frequency and average amplitude (Herson et al.,
2003). A principal goal of this thesis was to determine whether increased
GABAergic inhibition of Purkinje cells contributes to the motor-coordination deficit

in EAL.

B-adrenergic stress further increases inhibitory tone in Purkinje cells
Isoproterenol, a potent synthetic agonist of f-adrenergic receptors (f-AR), is
required to trigger stress-induced motor deficits in +/V408A mice. This adrenergic
stress is a model of emotional stress, which induces ataxia in EA1l patients.
Axonal projections from the locus ceruleus provide diffuse noradrenergic
innervation to the cerebellar cortex (Olson and Fuxe, 1971; Ungerstedt, 1971).
Noradrenaline signaling from these inputs has long been known to potentiate
GABA, receptor-mediated inhibition of Purkinje cell firing (Hoffer, 1971;
Waterhouse, 1982), by eliciting long-term facilitation of GABAergic transmission
onto Purkinje cells. Activation of basket cell f-ARs increases cAMP levels
through adenylate cyclase activation. cCAMP binds directly to HCN-1 channels
and shifts the hyperpolarization-activated cation channel (I) voltage dependence

of activation to more positive potentials, making smaller hyperpolarizations
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sufficient to open Iy, channels, resulting in depolarization of presynaptic terminals
and increased transmitter release (Saitow and Konishi, 2000; Saitow et al.,
2000). This results in an increase in frequency (Llano and Gerschenfeld, 1993)
and amplitude of basket cell-mediated inhibitory postsynaptic currents (IPSCs)
(Saitow et al., 2000). Such an increase in inhibitory tone can depress the output
of the cerebellar cortex (Mitoma and Konishi, 1996, 1999). Through this
mechanism, adrenergic stress is predicted to increase GABAergic signaling,
similar to the EA1 mutation V408A. During adrenergic stress, these two sources

of GABAergic increase would be expected to summate, a prediction we tested.

Pacemaking precision deficits in ataxia

The enhancement of GABAergic transmission could affect the regularity, or
“precision” of Purkinje cell firing. The coefficient of variation of the inter-spike
interval (CVis)), defined as Standard Deviationis/Means;, provides an index of
firing irregularity normalized to the firing rate. Basal GABAergic transmission
influences Purkinje cell firing in rats. GABA contributes to the irregularity of the
interval, i.e. increases CV,g, and slows frequency of firing (Hausser and Clark,
1997a).

Episodic ataxia type 2 (EA2) is linked to mutations that affect P/Q-type
voltage-gated calcium channels (VGCC) or their auxiliary subunits (Pietrobon,

2002). Three motor-impaired mouse models of EA2 exhibit reduced regularity of
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Purkinje cell inter-spike intervals (Hoebeek et al., 2005; Walter et al., 2006).
Leaner mice have a spontaneous mutation in CACNAL, which encodes the aia
subunit. Ducky mice have a spontaneous mutation in CACNA2d2, which
encodes the a262 auxiliary subunit. Both mutations decrease P/Q-type calcium
current density. In the study by Walter, Alvina et al., Purkinje cell firing rates in
ducky and leaner mice had three-fold the interspike interval variation of WTSs.
Parallel fiber stimulations evoked discernable increases in firing rates of WT
Purkinje cells, but the increases were not discernable from the background
variation in ducky and leaner. The reduced signal to noise ratio suggests that
reduced fidelity of synaptic encoding causes motor deficits in P/Q-type calcium
channel mutants (Walter et al., 2006).

In partial summary, +/V408A Purkinje cells receive increased GABAergic
input. B-AR activation further increases GABAergic transmission in WT Purkinje
cells, and is required to elicit a motor deficit in +/V408A mice. GABAergic input
contributes to imprecision of the interspike interval, and imprecision of the
interspike interval underlies motor deficits in a related ataxia.

Based on these results, | examined whether +/V408A Purkinje cells have a
firing precision deficit, and whether this deficit is a result of increased GABAergic
transmission from BCs. | studied +/V408A Purkinje cell firing patterns in acute
cerebellar slices with synaptic inhibition intact. In chapter two | show that

+/V408A Purkinje cells had reduced precision of spontaneous action potential
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firing, and that this difference was due to increased GABAergic input. Activation
of p-adrenergic receptors exacerbated the +/V408A precision deficit, and
acetazolamide ameliorated it. Together, these data suggest that the precision

deficit in +/V408A Purkinje cells is the cellular basis for the motor deficit in EAL.

SK2 and Purkinje cell firing patterns

In the section above, | described the importance of regularity of Purkinje cell
interspike intervals, and the importance of this regularity for motor coordination.
Much of the evidence for this relationship involves calcium-activated potassium
channels such as SK2. SK channels are activated by increases in intracellular
Ca?* (ICsp = 300-700 nM), and are voltage insensitive. Sources of calcium
activation include voltage-gated calcium channels, calcium permeable ligand-
gated channels, and intracellular Ca®* stores. Ca** sensitivity is conferred by
calmodulin, a subunit that is constitutively bound to the C-terminal region of each
SK subunit (Xia et al., 1998). Much of our understanding of SK function results
from the use of pharmacological agents, such as apamin, EBIO, and NS309. SK
channels are specifically blocked by apamin, a peptide derived from 