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ABSTRACT

Mutations in SPTBNZ2, the gene encodpwil spectrin, give rise to spinocerebellar
ataxia type 5 (SCA5), an autosomal dominant new®derative disease
characterized by motor incoordination and cerebetlageneration. The work
reported in this thesis addressed possible meahani$ disease pathogenesis using
genetically modified mice lackin@-Ill spectrin B-III"') and also investigated the
normal function of3-1ll spectrin through identification of proteinsathinteract with

its amino-terminus.

Targeted recombination was successful in elimigaéxpression of full-lengtB-11l
spectrin bu3-1ll spectrin lacking exons 2-6A@-6 (-1l spectrin) was found to be
present at a low level if-1ll" spectrin mice. To ascertain whether the novel
truncated protein had any obvious gain-of-functonadverse property that would
complicate analysis @3-l 7 spectrin mice the aberrant transc2t6 (3-111 spectrin
was cloned and a number of vitro experiments carried out. Protein stability,
solubility, cellular localization, and functionassays indicated2-6 -l spectrin
was less functional than full-lengilll spectrin, confirming theB-Ill”"~ spectrin

mouse could be considered a functional knockout.

Analysis ofB-11l "~ spectrin mice revealed that from 18-weeks of dgd mb gait

became progressively wider than age-matched wpd-tfWWT) controls and three



behavioural tests (stationary rod, rotarod, andvadéel beam) demonstrated a
progressive impairment in motor performance anddioation. 3-week old-Ill7"
spectrin mice performed worse on the rotating twahtage-matched controls but
their performance at 3- and 5-rpm improved withssmutive days of testing. Only at
10-rpm did yound3-1Il " spectrin mice fail to improve, whereas 6-month @il 7"
spectrin mice were unable to stay on the rod ev&irpm. The ability to balance on
a stationary rod was also worse at 6-months ofaaglethe number of hindlimb slips
made byB-11l 7~ spectrin mice on the elevated beam increased f»mveeks of age.
This progressive motor phenotype mirrors symptomsnsin SCA5 patients. In
contrast heterozygous mic@-(l! +") were shown not to develop an ataxic phenotype
or display cerebellar degeneration, even at 2-yehegje. Cell culture studies using
one mutation (L253P) associated with SCA5 reve#tadl it interfered with protein
trafficking from the Golgi apparatus and had a dwni-negative effect on WT
function. Incubation at a lower temperature resuiteL253P3-111 spectrin reaching
the plasma membrane suggesting an altered prasaforenation was responsible for
the protein trafficking defect. The intracellularcamulation of proteins at the Golgi
did not initiate the unfolded protein response.nkithis work it was concluded that
the B-1ll”" spectrin mouse is a new model of cerebellar ataxid loss off-Ill
spectrin function underlies SCA5 pathogenesis. Tesults argued against
haploinsufficiency and instead suggested diseassiftg mutations have dominant-
negative effects on WT function and indicate a aiefof cell membrane proteins

could participate in SCA5 pathogenesis.



Finally, using a yeast two-hybrid screen the ant@mninus of3-1ll spectrin was
found to interact with the carboxy-terminus of @pssin (a neurotrophic factor) and
clathrin light chain. The interactions were confatnin mammalian cells suggesting

neurite outgrowth and movement of membrane vesiol@g be normal functions of

B-111 spectrin.
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CHAPTER 1
INTRODUCTION

1.1 Definition of ataxia

The term ‘ataxia’ is Greek in descent and literalgnslates to ‘without order’ and is
used clinically to describe a lack of motor co-aation or posture that cannot be
explained by motor weakness or sensation defiG@rgin, 1969; Trouillas et al.,

1997). Ataxia can be a consequence of immune dise@sncer, hypothyroidism,

drug abuse, a cerebellar abscess, other infectiissases, or an inherited

neurodegenerative disorder.

The topic of this thesis focuses on the dominamtherited ataxias, also known as
the spinocerebellar ataxias (SCAs). They are apyaduprogressive, typically late
onset, neurodegenerative disorders that arise frdysfunction within the
spinocerebellum, the region of the cerebellar cotteat receives somatosensory
input from the spinal cord (Oscarsson, 1965). Ctly cerebellar signs are
oculomotor disturbances (abnormal eye movementmarthria (difficulties with
speech), deficits of limb movements and abnorneslitf gait and posture (Trouillas
et al., 1997). In most cases the degeneration efcdrebellum is accompanied by
damage within other brain regions, including bregng basal ganglia, spinal cord
and the peripheral nervous system. Originally tH@A§ previously known as
autosomal dominant forms of cerebellar ataxia (AD@#&re classified according to

these extracerebellar phenotypes (Table 1.1) (Hgydi993). This placed most
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forms into type | due to brainstem and/or spinadaavolvement. Whereas type |l
was classified by the occurrence of retinal degarar and type Il were the pure
cerebellar forms, with or without vestibular sympt The latter cases of pure
cerebellar atrophy may be more appropriately terd@edilial cortical cerebellar

atrophy and it is SCA5, a subtype falling into thetegory, that forms the basis of

the work reported here.

1.2 The cerebellum

1.2.1 Motor coordination

Marie-Jean-Pierre Flourens was the first persorsuggest the function of the
cerebellum was to coordinate movement. She pretitbi any interference with the
cerebellum would affect the ability of the animalcontrol motor coordination and if
the entire cerebellum was removed the ability tatmd movement would be lost
(Flourens, 1824). Her initial studies involved der#ar ablations in pigeons and
from this work she was able to stétee will, the senses, the perception remained,
but the coordination of movement, the ability fasntolled and determined

movement, was lost”.

It is now known that the cerebellum integrates emithbines sensory inputs from the
periphery, fine-tuning movement and postural cdréoothat automatic motor skills
are performed rapidly and smoothly every time (Hmdm1939). Damage to the

cerebellum results in slow and irregular movemertha action of muscles are no
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Table 1.1 Clinical and molecular features of autosnal dominant spinocerebellar ataxias

Disease Distinguishing features Harding Average Protein or Type of mutation Reference
(all have gait ataxia) Classification | Duration| chromosomal locus
SCA1 | Cognitive impairment, I 15 years Ataxin-1 CAG repeat Orr et al., 1993;
peripheral neuropathy Banfi et al., 1994;
Zoghbi and Orr,
1995
SCA2 | Slow saccadic eye I 10 years Ataxin-2 CAG repeat Imbert et al.,
movements, peripheral 1996; Pulst et al.,
neuropathy, dementia 1996; Sanpei et
al., 1996
SCA3 | Decreased saccade velocity, I 10 years Ataxin-3 CAG repeat Kawaguchi et al
sensory loss, pyramidal and 1994
extrapyramidal signs
SCA4 | Sensory axonal neuropathy I Decades 16g22.1 Flanigan et al.,
deafness 1996
SCA5 | Early onset, slow progression 1] > 25 B-11l spectrin In-frame deletions, Ikeda et al., 2006
years missense mutations
SCAG6 | Very slow progression, 1l >25 Voltage-dependent CAG repeat Zhuchenko et al|,
sometimes episodic ataxia years P/Q-type calcium 1997
channel alpha-1A
subunit
SCA7 | Visual loss with retinopathy Il 20 years Ataxxd CAG repeat David et al., 1997
SCAS8 | Slowly progressive, I Normal 13921 CAG.CTG repeat Koob et al., 1999
decreased vibration sense, lifespan
rare cognitive impairment
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Table 1.1 Continued Clinical and molecular feature®f autosomal dominant spinocerebellar ataxias

1)

Disease Distinguishing features Harding Average Protein or Type of Reference
(all have gait ataxia) Classification | Duration| chromosomal mutation
locus
SCA10| Epilepsy I 9 yearg Ataxin-10 ATTCT | Matsuura et al., 2000
repeat
SCA11l| Mild, remain ambulatory, 1l Normal Tau-tubulin Insertions | Worth et al., 1999; Houlden €
abnormal eye signs lifespan kinase 2 and deletions al., 2007
SCA12| Slowly progressive, I Phosphatase 2A CAG repeat| Holmes et al., 1999
Parkinson’s, cognitive regulatory
impairments, action tremor of subunit
upper extremities
SCA13| Mild mental retardation, Normal Potassium Missense | Waters et al., 2006
seizures lifespan| voltage-gated | mutations
channel
SCA14 | Early axial myoclonus Il Decadeés Proteinalsiea C| Missense | Chen et al., 2003
gamma mutations
SCA15| Very slow progression 1] Decades Inositd,8; | Deletion of | Matsumoto et al., 1996;
trisphosphate | 5 part of | Knight et al., 2003; Gardner ¢
receptor type 1 gene al., 2005; van de Leemput et
al., 2007; Hara et al., 2008
SCA16| Head tremor 1l Decades Miyoshi et al., 200
SCA17| Mental deterioration, I >8 years TATA-box CAA/CAG | Nakamura et al., 2001
dystonia, epilepsy binding protein repeat

~+
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Table 1.1 Continued Clinical and molecular feature®f autosomal dominant spinocerebellar ataxias

Disease  Distinguishing features Harding Average Protein or Type of Reference
(all have gait ataxia) Classification | Duration | chromosomal mutation
locus
SCA18 7022-q32 Devos et al., 2001
SCA19| Cognitive impairment I Decades 1p21-g21 ¥ekbet al., 2002
SCA20| Early dysarthria, hyperflexia, I Decades 11g12.2- 260-kb Knight et al., 2004
bradykinesia 11912.3 duplication
SCA21| Mild cognitive impairment I Decades 7p21-A15. Vuillaume et al., 2002
SCA22 | Slowly progressive I Decades 1p21-g23 Chairad., 2003
SCA23| Dysarthria, abnormal eye I >10 years| 20p13-pl12.3 Verbeek et al., 2004
movements, reduced
vibration senses
SCA25| Sensory neuropathy I Unknown 2p21-pl3 Stevanin et al., 2005
SCA26 | Dysarthria, irregular visual 1l Unknown 19p13.3 Yu et al., 2005
pursuits
SCA27 | Early onset tremor, I Decades Fibroblast | Missense van Swieten et al., 2003
dyskinesia, cognitive deficit$ growth factor | mutations
14
SCA28| Nystagmus, increased tendon I Decades AFG3-like | Missense Cagnoli et al., 2006; Di Bella
reflexes protein 2 mutations et al., 2010
SCA31 | Adult onset, pure cerebellar [l 16g22.1 T&G | Nagaoka et al., 2000;
repeat Ishikawa et al., 2005; Sato et

al., 2009
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longer coordinated in timing, duration and ampl@udnstead the frontal cerebral

cortex has to think out every movement.

1.2.2 Neurons in the cerebellar cortex

The structure of the cerebellum can be divided into parts — the cerebellar cortex
and the cerebellar nuclei. The cerebellar corterpses three layers (granule cell,
Purkinje cell and molecular layers) and containg ftypes of neurons (stellate,
basket, Purkinje, Golgi and granule cells; Figu.1The granule cell layer contains
a huge number of neurons, mainly excitatory grarugks but also a few Golgi
interneurons. In contrast the Purkinje cell laygrai single layer of Purkinje cell
bodies lying between the granule cell and moledalgers. The latter layer has very
few cell bodies, only those of inhibitory stellad@d basket cells, and instead is
mainly composed of the dendritic arborizationsta inhibitory Purkinje cells. The
Purkinje cells receive input from a range of sosrtt@oughout the central nervous
system (CNS) but in turn they are the sole outpuhe cerebellar cortex, targeting

the deep cerebellar nuclei (fastigius, interposiing dentate; refer to section 1.2.5).
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Figure 1.1 Basic structure of the cerebellar cortex. A schematic representation of the
three layers of the cerebellar cortex composed of five types of neurons (Apps and Garwicz,
2005).

1.2.3 Purkinje cell innervation and modulation

Parallel and climbing fibers form the two excitgtofglutamatergic) inputs to
Purkinje cells (Figure 1.1). Climbing fibers origke from the medulla, within the
inferior olivary nucleus, and each fiber forms hrgas$ of excitatory synapses on the
cell body and proximal dendrites of 1-10 Purkingdl< Each individual Purkinje cell
however only receives input from one climbing fib@tevertheless the action
potential produced by a climbing fiber is increglitdrge, activating the Purkinje cell

every time and producing a complex spike. This @oista large-amplitude spike that
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is followed by a burst of smaller-amplitude actipotentials due to prolonged
conductance within the Purkinje cell soma and déssir(Eccles, 1967; Thach,
1967). In contrast parallel fibers, the axons aingile cells, synapse with a large
number of Purkinje cells. These fibers are situaittedght angles to the Purkinje cell
dendrites and a single Purkinje cell can form styinagntacts with as many as one
million granule cells. It is excitation from pamllifibers that modulates the tonic
simple spike firing frequency such that it can ext&00 Hz (Eccles, 1967; Thach,
1967). A third glutamatergic synapse exists betwmessy fibers, originating from

the spinal cord and brainstem, and the dendritgganfule cells. This conveys to the
cerebellum information from the cerebral cortex ardsory inputs from a variety of

sources.

The removal of glutamate by postsynaptic neuroestifatory amino acid carrier 1
(EAAC1) and excitatory amino acid transporter type (EAAT4)) and glial
(glutamate transporter type 1 (GLT1) and glutanzesjgartate transporter (GLAST))
glutamate transporters is critical for terminatthg excitatory signal and preventing
diffusion of glutamate into neighbouring synapseegudhry et al., 1995; Takahashi
et al., 1996; Bergles et al., 1997; Clark and Barp&997; Otis et al., 1997; Dzubay
and Jahr, 1999; Auger and Attwell, 2000; Diamor@)D). GLAST and EAAT4 are
thought to be responsible for the majority of cetlels uptake with GLT1 only
contributing a small amount (Furuta et al.,, 199 utamate transporters have an
essential role in protecting neurons from excitatoxjury by maintaining low

concentrations of extracellular glutamate (Danb@®01). Malfunction, aberrant
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expression or insufficient capacity of glutamatansporters can lead to high
extracellular concentrations of glutamate and neairdeath (Choi, 1988; Rothstein

et al., 1996).

As well as excitatory inputs Purkinje cells receiwvibitory input from three
interneurons (stellate, basket and Golgi cellse @kons of stellate and basket cells
directly contact Purkinje cells whereas Golgi cétiem synapses with the granule

cells. All three interneurons are activated by [palréibers.

1.2.4 Motor learning

The involvement of the cerebellum in motor learniwgs a theory proposed by
David Marr and James Albus (Marr, 1969; Albus, 1)9They stated the modulation
of Purkinje cell input results in a new movemenhpdearnt or an old one adapted.
Animal studies have since provided evidence thatcgrebellum does have a role in
motor learning as removal of the cerebellar copgvents adaptation and learning
(Robinson, 1976; McCormick et al., 1981; McCormaid Thompson, 1984; Yeo et
al., 1984). The mechanism appears to involve &mal-error with climbing fibers
signaling an error in movement that weakens thength of concurrently active
parallel fiber-Purkinje cell synapses (Simpson atidy, 1974; Gilbert and Thach,
1977; Gellman et al., 1985; Dugas and Smith, 1992akangas and Ebner, 1994).
This allows signals from the correct movement terga and influence Purkinje cell

output (Ito et al., 1982; Ekerot and Kano, 198%atat 1985; Kano and Kato, 1987).
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1.2.5 The cerebellar nuclei

The deep cerebellar nuclei (DCN) and the vestibolaslei are responsible for the

output of the cerebellum. When there is no moventaetDCN spontaneously fire at

rates between 40-50 Hz but during movement thedirate can either increase or

decrease from this baseline frequency (BastianTéwadh, 2002). It is the changes of

firing frequency that result in the modulation afget structures and each nucleus

appears to control different motor systems and thesipective functions (Asanuma

et al., 1983a; Asanuma et al., 1983Db, c, d; Oant Strick, 1989) (Table 1.2).

Table 1.2 Functions controlled by the cerebellar nciei.

Cerebellar nuclei

Functions

Effect on inactivatingthe
nucleus

Fastigius

(Vestibular and medial

Eye movements,
equilibrium, upright
stance and gait

Animal unable to sit, stan
or walk with recurrent
falls to the side of the
lesion (Botterell and
Fulton, 1938; Kane et al.,
1988, 1989; Sprague and

Chambers, 1953; Thach ¢

al., 1990, 1992).

14
—

Interpositus

(Intermediate)

Stretch, contact,
placing and other
relexes

Development of a severe
action tremor during
reaching (Kane et al.,
1988, 1989; Thach et al.,
1990, 1992).

Dentate

(Lateral)

Voluntary movements
of the extremities
including reaching
and grasping

Over angulation of the
shoulder and elbow when
reaching (Kane et al.,
1988, 1989; Thach et al.,
1990, 1992).

10
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1.3 Genetic causes of SCA

The prevalence of SCAs in several populations @madhigh as 5 — 7 in 100 000
(van de Warrenburg et al., 2002; Craig et al., 200daking these diseases as
common as Huntington’s or motor neuron diseaserddtly, over 30 different
genetic loci have been identified as associatirty BCA and are numbered in order
of discovery (Table 1.1). However, the diseasedogusnutations and their
respective genes have only been identified foresixtSCA subtypes (Carlson et al.,
2009). This means that 20 — 50% of families witlhoaomal dominant forms of
ataxia are still of unknown genetic origin (A Brigeersonal communication). The

SCA subtypes of known genetic origin can be claihto three main subgroups.

1.3.1 CAG repeat expansions

The first genetic defect to be identified in a fgmwith SCA was the discovery of an
expanded CAG-repeat sequence in the ataxin 1 gédneh leads to an abnormally
long poly-glutamine tract being present in the @®cbprotein (Orr et al., 1993). A
further five SCA subtypes (SCA 2, 3, 6, 7 and 1@yéhsince been found to be
associated with coding CAG repeat expansions (edein (Duenas et al., 2006)).
These six polyglutamine SCAs account for over 5084alb SCA families, with

SCAZ3 being the most common form (Bird, 1998).

11
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1.3.2 Repeat expansions outwith the protein codinggion

The second category, comprising SCA 8, 10 andr&2dae to repeat expansions that
occur outside of the protein-encoding region of thievant disease gene. There is
therefore no polyglutamine tract expansion or afmeioamino acid repeat within the
disease protein. In the case of SCA10 it is a |pe#anucleotide expansion within
an intron (Matsuura et al., 2000), for SCA12 itaissmall CAG repeat expansion
within the B untranslated region of the disease gene (Holmes.,e1999) and in
SCA8 a CTG repeat that is bidirectionally transetilbesulting in a non-coding CUG

transcript and possibly a polyQ protein (Koob et 2999).

1.3.3 Conventional mutations

The remaining seven SCAs comprise an expandingl tbategory due to the

identification of mutations in rarer forms of doraitly inherited ataxia. These

subtypes are not caused by dynamic repeat expandiahinstead by conventional
mutations. The conventional mutations are deletiomssense, nonsense or
frameshift mutations in the corresponding genesitalfons in the genes that encode
B-1ll-spectrin (Ikeda et al., 2006), tau tubulin &se 2 (TTBK2) (Houlden et al.,

2007), a potassium channel (KCNC3) (Waters et 2006), protein kinase C

(PRKCG) (Chen et al., 2003), type 1 inositol 1,#iphosphate receptor (ITPR1)

(van de Leemput et al., 2007; Ilwaki et al., 2008l &ibroblast growth factor 14

(FGF14) (van Swieten et al., 2003) give rise to SCA1, 13, 14, 15/16 and 27,

respectively.

12
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1.4 Spinocerebellar ataxia type 5

1.4.1 Clinical symptoms

In 1992 a large family, descended from the pategnahdparents of United States
President Abraham Lincoln, was identified as hawangjinically mild form of SCA
(Ranum et al., 1994). Linkage to all known ataxdai lwas excluded and instead
genetic linkage analysis mapped the disease |actiset centromeric region of the

long arm of chromosome 11 (11g13), identifying & 1®CA subtype, coined SCA5.

Clinically SCA5 is more benign (Ranum et al., 198#9n other SCAs (Gouw et al.,
1994; Yagishita and Inoue, 1997) and is classidADCA type Il due to it

primarily affecting the cerebellum, with the braemm usually being spared (Table
1.1). SCA5 cases show severe atrophy of the cduetndly magnetic resonance
imaging (MRI) scans (Figure 1.2) and autopsy exatmm shows significant

Purkinje cell loss, shrinkage of the molecular fayeild loss of granular neurons and
frequent empty basket fibers (Manto and Pandol@f)22 Ikeda et al., 2006). The
DCN (see section 1.2.5) were found to be gliotidt, this was not accompanied by
neuronal loss. Another clinical distinction betwe®@A5 and other SCAs is that
disease progression is much slower and is typicallyfatal (Ranum et al., 1994).
This difference is thought to result from the ladkoulbar paralysis in SCA5, which
in the other SCAs results in a poorer ability thti recurrent pneumonia (Zoghbi,

1991).

13
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Normal control SCADS patient

Figure 1.2 MRI scan shows cerebellar atrophy in SCA5 patient. MRI scan of a normal
control and a patient with SCA5. The SCA5 patient shows severe cerebellar atrophy with
sparing of the brainstem. Images obtained from Laura Ranum, personal communication.

Average age of onset of SCAS5 is later in life, tgbly in the third or fourth decade
but symptoms can manifest between 10 and 68 ydaageo (Ranum et al., 1994;
Stevanin et al., 1999; Burk et al., 2004). Mildtdibance of gait, incoordination of
limbs, abnormal eye movements, and slurred spectha initial symptoms, which
gradually progress over several decades to wheelidendency in some instances.
However, patients with early onset (before the afy20) also show signs of mild
bulbar involvement and it may be that these indiald will go on to develop a more

severe form of disease.

14
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1.4.2 Genetic mutations that underlie SCA5

In 2006 Ranum and colleagues found mutations irggmeSPTBN2which encodes
B-1ll spectrin, in affected members of the Lincoledmree and two additional
families but not in 1000 control chromosomes (Tah®) (Ikeda et al., 2006). The
mutation associated with the Lincoln pedigree was9%bp in-frame deletion
resulting in a 13-amino acid deletion within thedrspectrin repeat @-111 spectrin
(see section 1.5.4). A shorter in-frame deletios Igp) in the same spectrin repeat
was observed in a French family and this deletisn eesulted in the introduction of
a missense mutation (R634W). The third family pesed a single missense

mutation (L253P) within the second of two calpohomology (CH) domains.

Historical literature had suggested President Umeooay have suffered from SCAS.
In 1861 William Russell, a reporter from the Londdimes, wrote of Abraham
Lincoln “Soon afterwards there entered, with a shamblingsdg irregular, almost
unsteady gait, a tall, lank, lean mdhdepicting a man with characteristic features of
ataxia. But recently, using handwriting analysisy. [botos has refuted this
possibility. He believes Lincoln’s handwriting wagerfect when he drafted the
Gettysburg Address in 1864 (a year before he digal),ruling out SCA5, in his
opinion since the most common complaint of patiéhtdeterioration in handwriting

and fine finger dexterity (Sotos, 2009).

15
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Table 1.3 Details of disease in families witBPTBN2mutations

Family | Disease Clinical Symptoms Pathology Reference
onset
(yr)

Lincoln 10-68 | Disturbance of gait, Cerebellar atrophy, | Ranum et
incoordination of upper greater involvement | al., 1994
extremities, slurred speech of superior
Juvenile onset evidence of hemispheres and
pyramidal tract dysfunction anterior vermis

No change basal
ganglia, cerebral
cortex

French 14-40 | Slowly progressive, gait Universal cerebellar | Stevanin
instability, horizontal nystagmus atrophy, sparing of et al.,
brisk reflexes pons 1999
Slight facial myokymia,
decreased vibration sense
No extrapyramidal signs or
swallowing difficulties

German 15-50 | Downbeat nystagmus, ataxia [o€erebellar atrophy, Burk et
stance and gait, dysarthria, intact brainstem al., 2004

intention tremor

Normal vestibular function
No cognitive impairment,
dysphagia, hearing loss,
pyramidal tract signs or facial

structures

myokymia

16
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1.5 Spectrin

1.5.1 Structure of spectrin

Spectrins are heterotetramers comprising twaand twop-subunits (Figure 1.3).
These proteins were first discovered in human eogities, being the most abundant
protein found within the membrane skeleton of rémbd cells (Cohen, 1983). The
majority of each spectrin polypeptide consists obaaies of repeats, each one
approximately 106 amino acids (Speicher and Maici€84) and forming a triple
helix (Yan et al., 1993; Pascual et al., 1996). Dheand B-subunits associate
laterally, forming anti-parallel heterodimers whicteract head-to-head to form the
functional heterotetramer (Ungewickell and Gratzdi978; Shotton et al.,
1979)(Figure 1.3). Short actin filaments then litle spectrin tetramers together
forming a flexible spectrin network attached to theer leaf of the membrane

bilayer.

17
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Spectrin subunits

a-Spectrin

& e, CalM-like

A = 4
CH1 CH2 1 2 3 4 5 B 7 8 9 10 M 12 13 14 15 186 17

Spectrin dimer

a-Spectrin

2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17

CH1 CH2
B-Spectrin
Spectrin tetramer
a-spectrin SHa B-spectrin

p-spectrin a-spectrin

Figure 1.3 The formation of spectrin. Spectrin is composed of two a- and two B-spectrin
subunits. Dimers are generated when non-covalent bonds form between an a- and a B-
subunit which lie antiparallel to one another (Shotton et al., 1979). Tetramers form when
dimers are joined together with the N” terminus of every a subunit linking to the C” terminus
of every B subunit (Ungewickell and Gratzer, 1978). Image modified from originals (Baines
and Pinder, 2005; Baines, 2009).
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It is known that vertebrates have tewo(al/all), four B- (BI-BIV) and af3-H subunit,
which creates diversity and specialization of fiorct(Bennett and Baines, 2001).
al/Bl polypeptides form mammalian erythrocyte spectmd are also found in
striated muscle and a subset of neuredBIl, all/BllIl and all/BIV polypeptides

are the major forms in nonerythroid vertebrateugss

1.5.2 Erythrocyte spectrin

Characterization of the erythrocyte membrane hasviged clues as to the
organization and role of the spectrin skeleton. Hssembly of a spectrin-actin
filamentous network at the plasma membrane iscafifior mechanical support and
maintenance of structural membrane integrity. Matest within spectrin subunits, in
both mice (Greenquist et al., 1978; Lux et al.,99%nd humans (Agre et al., 1982;
Agre et al., 1985), cause hereditary spherocytadigpe of haemolytic anaemia. The
mutations result in loss of spectrin and unsupporteembranes leading to

fragmentation of erythrocytes when placed underiraeical stress in the circulation.

Accessory proteins have also been identified ascassg with erythrocyte spectrin
and being important for the maintenance of therfdatous network. Protein 4.1
binds to the actin-binding domain of tBepolypeptide and is thought to initiate and
strengthen the interaction between spectrin and &bhen, 1983; Bennett, 1985).
Interaction of protein 4.1 with members of the glghorin family (particularly
gycophorin C) also links spectrin to the lipid lga stabilizing the whole structure.

A stronger interaction between spectrin and thigl liplayer arises from ankyrin-R
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binding to spectrin repeats 14 and 15 of fheolypeptide and the cytoplasmic
domain of the membrane-bound anion exchanger (Bermmel Stenbuck, 1980;
Speicher et al., 1982; Kennedy et al.,, 1991). &u#on with ankyrin-R also
increases the affinity of spectrin self-associgtemhancing formation of the spectrin
lattice (Cianci et al., 1988). The majority of humaases of hereditary spherocytosis
actually result from mutations of ankyrin-R and spectrin per se, but the common

feature is a defective spectrin lattice (Eber aod,[2004; Gallagher, 2005).

1.5.3 Neuronal spectrin

Studies usingCaenorhabditis elegansDrosophila melanogasteand mice have
demonstrated several functions of spectrin in tirwaous system. Unlike vertebrates
C. eleganandD. melanogastehave only onel, onef3 and ong3-H subunit. Loss of

B spectrin inC. elegans.encoded byunc-7Q has revealed it is vital for axonal
integrity (Hammarlund et al., 2000; Hammarlund let 2007). Without spectrin the
worms are paralyzed, axons are unable to withssaraan initiated by movement,
and muscle structure becomes disordered, eventdethching from the body wall
(Moorthy et al., 2000). The presence Pfspectrin therefore protects against
spontaneous breaks in neuronal processes that wotlldrwise arise from

movement.

In postembryonidrosophilathe knockdown of eithem or 3 presynaptic spectrin
results in synaptic retraction and consequently agga elimination at the

neuromuscular junction (Pielage et al.,, 2005). Arease in two cell adhesion
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molecules, neuroglian and Fasciclin 1l, is obsennedflies lacking presynaptic
spectrin suggesting that a loss in cell-cell caniacan early event in synapse
retraction and a consequence of spectrin loss. rasization and retraction of
microtubules, along with axonal transport defeatg also observed when spectrin
protein levels are drastically reduced or absemrdlgdfe et al., 2005). A resulting
disruption to normal retrograde transport of catitrophic factors (McCabe et al.,
2003) may be a factor in the observed synapsectitna Furthermore, a requirement
for dynactin-mediated axonal transport has beenvsho be required for synapse
stabilization at theDrosophila neuromuscular junction (Eaton et al., 2002) and
disruption to this transport has been associatéa motor neuron disease in humans
and mice (LaMonte et al., 2002; Hafezparast e2803; Puls et al., 2003; Munch et
al., 2004). Therefore, an important role of specmay be to link cell adhesion
molecules to the microtubule as an interaction witicrotubules for botln and 3

spectrin has been reported (Sisson et al., 2000).

Two mouse models have shown the importancg-6f spectrin in the nervous
system. Mice created to have a null mutation withim gene encoding+IV spectrin
were found to have tremors and clasp their hinddimihen held in the air (a
characteristic feature of ataxia). Severity of pihenotype increases with age and by
6-10 months of age the mice are no longer ambyldttwmada and Soriano, 2002).
The quivering mouse, resulting from a spontaneous mutation enftkV spectrin
gene, also displays ataxia with hindlimb paralysisafness and tremor when

homozygous for the mutation (Parkinson et al., 200hese mice have ectopically
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placed voltage gated sodium and potassium cha(WiélSCs & VGPCs) as instead
of being situated at the nodes of Ranvier theyradéestributed along the lengths of
the axons resulting in changes to the firing angpagation of axon potentials. A
critical role of B-IV spectrin appears to be the localization andbibtation of ion

channels to specific regions of the neuron.

Findings from animal studies have therefore demmatest important roles for
spectrin in stabilizing cell-cell contacts and limag ion channels, cell-adhesion
molecules and other transmembrane proteins witpeciBc subdomains of the

plasma membrane.

1.5.4B-1l spectrin

B-11l spectrin is expressed primarily in the nervaystem with the highest level of
protein expression seen in the soma and dendfitesrebellar Purkinje cells (Ohara
et al., 1998; Sakaguchi et al., 1998; Stankewichl.et1998; Jackson et al., 2001).
Low levels of transcript have been detected in rotissues including kidney, liver,
testes, prostate, pituitary, adrenal and salivdaynds (Stankewich et al., 1998). It
was originally thoughtB-Ill spectrin associated with the Golgi, maintamiits
structure through an association with phosphatidgitol 4,5-bisphosphate (Ptdins
(4,5)R) (Beck et al., 1994; Stankewich et al., 1998).d.a$ Ptdins (4,5 was
proposed to result in phosphorylation of spectriellular redistribution and

subsequent fragmentation of the Golgi (Siddhanta.e2003). However, the Golgi
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localization is now thought to have arisen fromitzody cross-reactivity detecting

another protein with spectrin repeats, synel (Gaigth., 2003).

B-1ll spectrin has been shown to interact with taeboxy-terminus of EAAT4, the
glutamate transporter found in Purkinje cell somd dendrites, and stabilize it at the
plasma membrane (Jackson et al., 2001; lkeda e®@D6), the result being an
increase in cell surface expression and enhanceadngate uptake. Therefor@;lll
spectrin appears to play an important role in tle@arance of glutamate from the
synaptic cleft, regulating glutamatergic neurotraission and preventing glutamate-
mediated excitotoxicity (see section 1.2.3). Yeéast-hybrid studies have shown the
actin binding domain op-11l spectrin binds directly to actin related priotel (Arp
1), a subunit of the dynactin complex (Holleranagt 2001). Dynactin is the
accessory protein that mediates the associatiodyokin with vesicular cargo,
suggesting3-1ll spectrin may participate in vesicular trandpalong microtubules.
All three proteins have been co-purified from vesdsolated from rat brain and it is
thought that botl-Ill spectrin and dynactin are involved in orgaredind vesicular
transport, mediated by dynein (Karki et al., 19B8]leran et al., 2001; Lorenzo et

al., 2010).

1.6 Mouse models of ataxia
Clinically, the phenotype observed in SCA patiestsvell understood (Table 1.1).
However the cellular processes that underlie cdeetatysfunction and degeneration

in SCA remain unclear. Mice have become an impotaol for identifying gene
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function and unravelling mechanisms of disease9%% of mouse genes have
homologues in man and of these 96% are found irsdige syntenic location (same
chromosomal order) as their human homologue (Macdmd 2003). They are also
relatively cheap to maintain, large numbers catteel rapidly and they have short
life spans. Therefore mouse models, either gergeiayegenetic manipulation or a
result of spontaneous mutations, have been useditoinsights into Purkinje cell

degeneration and cerebellar ataxia.

1.6.1 Naturally occurring cerebellar mutants

Because unlike other brain regions the majoritycefebellar development occurs
postnatally (Dobbing and Sands, 1973; Altman angeBal997), the cerebellum is
much more vulnerable to developmental and enviraniahensults. This has led to
more than 50 mutants being identified and analysgdnly 4 are discussed in detail
here (Sidman et al., 1965; Sidman et al., 1982el8oet al., 1990). These
spontaneous mutations in the mouse have provedllenceools for studying
Purkinje cell degeneration and elucidating thea$féoss of certain elements of the
cerebellar circuitry have on the formation and/caimtenance of the cerebellum.
This has highlighted a tight interplay between hjekcell, granule cell and inferior

olive cell survival.

1.6.1.1Purkinje cell degeneratiormutant
The autosomal recessive Purkinje cell degenerdpiod) mutant is characterized by

dramatic Purkinje cell degeneration, which stattal®ut postnatal day (PD) 18 and
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rapidly progresses over the next 14 days (Mulleal.et1976). Prior to Purkinje cell
degeneration, all the normal cerebellar synaptitnections are made (Landis and
Mullen, 1978) but following Purkinje cell degeneoat there is a substantial loss of
granule cells, deep cerebellar nuclear cells andams of the inferior olive (Chang
and Ghetti, 1993; Triarhou, 1998). Given the grtmss of Purkinje cells severe
motor impairment would be expected but instead ombglerate ataxia is observed in
pcd mutants. This is thought to be due to altered itibitoin the vestibular and deep
cerebellar nuclei compensating for the lack of ralrtonic inhibition from Purkinje

cells (Mullen et al., 1976).

Mutations in the gene encoding Nnal, a member tdrge protein family with
conserved zinc-dependent carboxypeptidase domaiasrig et al., 2000), were
found to underlie Purkinje cell degeneratiorpod mice (Fernandez-Gonzalez et al.,
2002). The exact role this protein plays in Pumkiogll degeneration is not fully
understood but there is evidence for endoplasnticutam (ER) stress and apoptosis
in cell death. The cerebellar expression of BiPERnspecific chaperone and CHOP,
a transcription factor related to ER stress (Oyaatoand Mori, 2004), were found to
be elevated in mutant Purkinje cells (Kyuhou et 2006). A change in the ratio of
anti-apoptotic to pro-apoptotic factors was alsseavbed inpcd mice with a 5-fold
increase in levels of-fos junB and krox24 three cell death effector genes and a
reduction in the levels of the anti-apoptotic pmotBcl-2 (Gillardon et al., 1995).
Activated caspase 3 and caspase 12 were also etbtalcing with signs of DNA

fragmentation, all characteristics of apoptotid delth (Kyuhou et al., 2006).
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1.6.1.2Staggeremouse

In contrast tgocd mouse, severe cerebellar ataxia is observethggerermice that
have a cell autonomous defect in the maturatiowkinje cells (Sidman et al.,
1962; Herrup and Mullen, 1979a, b; Herrup, 1983ierE is also a large reduction in
granule cell proliferation and substantial deatlgi@nule cells in the first postnatal
weeks, revealing an important interplay betweenkiRjg cell and granule cell

survival.

The staggerer phenotype results from a 122 bp deletion in thehan nuclear
hormone receptor gendRQRa) preventing the formation of the R@Rligand
binding domain and resulting in a loss-of-functigthamilton et al., 1996). Gene
expression microarrays and chromatin immunopretipit assays have identified a
number of genes regulated by R@hat are downregulated staggererPurkinje
cells (Gold et al., 2003). Within the top ten aighé genes involved in glutamatergic
and calcium signaling. These are the metabotroputammpate receptor@rml),
EAAT4 the Purkinje cell glutamate transport&iqlag, B-111 spectrin Spnb3, the
IP; receptor Itprl), its binding partnerdar8), calmodulin Calbl), a calmodulin
regulator Pcp4 and a modulator of voltage-gated calcium chan(idp?. The fact
that Spnb3(B-IIl spectrin) anditprl (IP; receptor), the genetic causes of SCA5 and
SCA15/16, respectively are downregulated in staggerermouse highlights a
convergence of disease mechanisms in Purkinje degjeneration and cerebellar

ataxia. Furthermore, microarray analysis of the $@Ansgenic mouse model (refer
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to section 1.6.2.1) also shows a downregulatioSlotag Spnb3 andltprl prior to

onset of pathology (Lin et al., 2000).

The loss of granule cells is thought to arise fmownregulation in Purkinje cells
of Sonic hedgehodGold et al., 2003), another gene regulated by RGIRd a
mitogen for granule cell precursors in the embrgar@rebellum (Dahmane and Ruiz
I Altaba, 1999; Wallace, 1999; Wechsler-Reya andttSd999). Analysis of the
staggerer mouse has therefore shown that Purlefiaontrol both the proliferation
of granule cells and their ability to respond targrle cell glutamatergic inputs by

RORa-dependent gene transcription.

1.6.1.3Lurcher mouse

The lurcher mouse was identified in 1954 due tomtdbbly, lurching gait (Philips,
1960) and more recently found to arise from a mmssemutation in the gene
encoding theéd2 glutamate receptor (Glud2) (Zuo et al., 1997). The function of the
02 glutamate receptor is still unknown as it does liod glutamate or glutamate
agonists (Araki et al., 1993; Lomeli et al., 198&yat et al., 1995) but it has been
proposed that Glud2 stabilizes Purkinje cell-granule cell synapsed @ninvolved
in cerebellum-dependent motor learning (Kashiwabettal., 1995; Kurihara et al.,
1997; Yuzaki, 2004). Homozygote animals die in daely neonatal period due to
immense neuronal death in the mid and hindbraire(@rand Heintz, 1997; Resibois
et al., 1997) but cerebellar development beginsnatly in heterozygous animals.

However, Purkinje cell abnormalities appear shordfger birth (PD 3-4) in
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heterozygous animals (Swisher and Wilson, 1977) Ruaxkinje cell degeneration
begins between PD 8-10. This is closely followedd®ath of granule cells and
olivary neurons (Caddy and Biscoe, 1975; Wilsory5t9Caddy and Biscow, 1976;
Wilson, 1976). By 3 months of age the cerebellumheferozygous animals is
practically devoid of Purkinje cells and at deatityal0% and 25% of granule cells
and olivary neurons remain, respectively (Caddy Bisdoe, 1979). There is no, or
very little loss of deep cerebellar nuclei. Thecher mutation is a missense mutation
that changes an alanine to threonine resultinglarge constitutive cationic current.
Different studies implicate necrosis, autophagwypoptosis idurcher Purkinje cell
death (reviewed in (Vogel et al., 2007)). The medda for autophagy may arise
from loss of interaction with Beclin-1, a mammali@amnholog of the yeast autophagy
gene apg6/vps30 (Liang et al., 1999), releasing @ssociate with proteins involved
in the formation of autophagosomes (Kihara et281Q1). However, there are studies
that indicate the constitutive leak current is ®mseey and sufficient to induce
autophagy and cell death (Yamada et al., 2003d,b¢. leak current may also lead to
increased oxidative stress and excitotoxicity duerthanced mitochondrial oxidative
respiration in response to an increased demandAid? in depolarizediurcher
Purkinje cells (Caddy and Biscoe, 1979; Dumesniigz and Sotelo, 1992; Vogel

et al., 2001)
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1.6.1.4Weavermouse

Unlike the other mutants described a complete lfsgranule cells precedes a
secondary loss of Purkinje cells in tineaver mouse. Although about 50% of
Purkinje cells survive in theveavermouse it exhibits a more severe form of ataxia
compared to th@cd mutant that lacks almost all Purkinje cells. Tisighought to
arise from an irregular output due to regions wheuekinje cells survive. In fact,
removal of the cerebellum improves the motor pentoice of theweavermouse

(Grusser-Cornehls et al., 1999).

1.6.2 Mouse models generated by genetic manipulatio

A number of transgenic and knockout mice have lgpammerated to create animal
models for several SCA subtypes. These mouse maddels revealed whether a
gain-of-function, haploinsufficiency or a loss-afrction with a dominant negative
effect underly disease pathogenesis. The work ksxs laghlighted the interplay
between different cell populations and identifie@vexral common cellular
mechanisms in Purkinje cell dysfunction and deaticluding altered gene
transcription, excitotoxicity, autophagy, apoptosiad ER stress. A few of the

vivo studies are described in more detail in the falhgwsections.
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1.6.2.1 CAG repeat expansion models

Harry Orr and colleagues generated the first mauselel of SCA by creating
transgenic mice that expressed the hurS&RA1lgene (Burright et al., 1995). The
mice were engineered to express hurB&Alwith either a normal or an expanded
CAG repeat sequence, 30 or 82 repeats, respectivéglgy found that mice
expressing human ataxin 1 with the expanded, buttim® normal CAG repeat
showed a severe loss of Purkinje cells, thinninthefmolecular layer and an ataxic
phenotype, mimicking the human phenotype (Burrightal., 1995; Zoghbi and
Ballabio.,1995; Zoghbi and Orr, 1995). This showhkdt the CAG expansion is
pathogenic. The presence of ubiquitinated nucleggremates, a pathological
hallmark of SCA1 (Skinner et al., 1997), was albsayved in the SCA1 transgenic
mouse model (Cummings et al., 1998). However, syumd mouse models have
shown that these nuclear inclusions, long beliet@doe important in disease
pathology (Taroni and DiDonato, 2004), are not Iagd in polyglutamine-mediated
pathogenesis as signs of disease are still seemommse models that have no
inclusions within Purkinje cells (Klement et al.998; Cummings et al., 1999;
Watase et al., 2002). Instead, what appears toraamental for mutant ataxin 1 to
cause disease is the nuclear localization of prot®lice expressing a mutated
nuclear localisation signal (NLS), lysine 772 regld with threonine, thus disrupting
entry into the nucleus, do not develop diseasen(€lg et al., 1998). Othen vivo
studies have also revealed that phosphorylatio®esi776 is required for toxicity
(Emamian et al., 2003). This is thought to be dualtered protein interactions that

are regulated by phosphorylation, with some beimgaaced and others decreased.
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The binding of an mMRNA splicing factor (RNA-bindimgotif protein 17, RBM17)

appears to be enhanced by phosphorylation of Sexh&eas interaction with the
transcriptional repressor capicua (CIC) is redueidh et al., 2008). Thus the
balance of ataxin 1-containing complexes is charyeithe phosphorylation status of
Ser776, which appears to be affected by the sizbeopolyglutamine tract. Mouse
models have therefore revealed that the polyglutangxpansion found in SCAl
patients is pathogenic, but importantly they havghlighted that other protein
regions are also required for toxicity and bothaaegpf-function and loss-of-function
mechanism likely play a role in SCA1 pathogenebi®ough dysregulating gene

expression and protein function.

Insights for SCA3, also known as Machado-Josepbadis (MJD) have also been
gained fromin vivo studies. Transgenic mouse models have revealgdsthalar to
SCAL1, the nuclear localization of ataxin-3 protsiessential for manifestation of the
disease phenotype (Bichelmeier et al.,, 2007). MNdyrataxin-3 is found in the
cytoplasm of neurons but nuclear inclusions areedesl in patients with SCA3
(Paulson et al., 1997; Schmidt et al., 1998). Tifference in subcellular localization
was investigated by creating different mouse mod&#&en transgenic mice
expressed ataxin-3 with an expanded polyglutanmepeat but with a nuclear export
signal (NES) attached they had mild or no behaalbphenotype and very few
nuclear inclusions. In contrast when a NLS waschtd, targeting the protein into
the nucleus, an earlier and more severe phenotgseolwserved when compared to

mice expressing the untagged transgene (Bichelreeedr, 2007). Therefore nuclear
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localization, a toxic gain-of-function, would appe® be an important aspect in
SCA3 pathogenesis. Analysis of another mouse msdgfiests that Purkinje cell
dysfunction, and not cell loss, is important inedise phenotype (Chou et al., 2008).
The mice express full-length mutant ataxin-3 andpldly a severe behavioural
phenotype when homozygous for the transgene buiv shery little cerebellar

atrophy.

It is worth mentioning that although expressionnofitant full-length protein is

thought to recapitulate human disease most actyrdte initial mouse models of
SCAZ3, showing a much more severe phenotype, orpgyessed a C-terminal region
of ataxin-3 containing the expanded polyQ repdada et al., 1996). This led to the
proposal that the production of toxic proteolytragments may be important in
SCA3 pathogenesis. Carboxy-terminal ataxin-3 fragsiere seen in the mouse
expressing full-length protein (Chou et al., 20680 so the possibility proteolytic

cleavage of ataxin-3 is important cannot be ruletd o

In the case of SCAG, the trinucleotide repeat egemnis found within exon 47 of
the CACNA1Agene, encoding thelA subunit of the (P/Q) G&.1 voltage-gated
calcium channel (Garg and Sanchette, 1999; PietroP002). However, a critical
genetic feature of SCAG is that tACNAL1Agene undergoes alternative splicing
and so only one splice variant encodes the polgglute tract. The functions

associated with the different isoforms are notntyeanderstood but they are thought
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to be involved in regulating synaptic transmissf{Sheng et al., 1994; Rettig et al.,

1996).

The creation of three knock-in mouse models cagymormal, expanded or
hyperexpanded CAG tracts in ti@acnalalocus revealed that, like SCAl1 and
SCAZ3, disease severity was linked to repeat leragtth expression level of the
mutant protein (Watase et al., 2008). Cell culexperiments had suggested that the
expanded CAG repeat affected the conductance o€&2.1 channel (Matsuyama
et al., 1999; Restituito et al., 2000; Toru et 2000; Piedras-Renteria et al., 2001).
However, thein vivo models show no change in the voltage sensitivitgither
activation or inactivation of the Ga.1 channel in Purkinje cells but rather decreased
channel abundance and aggregation of mutanl.Ca(Watase et al., 2008).
Similarly knockdown of C&.1 calcium channels has been shown to be suffitien
induce ataxia and progressive cerebellar atrophitg®t al., 2009). Therefore tire
vivo data indicate that a loss-of-function may be atofaén disease, either a
consequence of aggregation or altered splicing teviat result in decreased levels
of specific isoforms, whereas expression in hetgralis systems suggest proteolytic
cleavage of the C-terminal region produces a fragntigat is translocated to the

nucleus, causing toxicity (Kubodera et al., 2008rdéasiewicz et al., 2006).
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1.6.2.2 Non-coding repeat expansion models

A CTG repeat believed to be linked to SCAS8 is fomtdhe 3 end of a non-coding
transcript (Koob et al.,, 1999). Both a noncoding G&UWranscript and a pure
polyglutamine protein expressed from a novel genthé opposite directiorAT XN

8) are thought to be produced from the locus. Tranggmice expressing the human
CTG expanded repeat tract (Cihg at high copy number exhibit an ataxic
phenotype and possess intranuclear inclusionsiy®ddr polyglutamine expansion
proteins, whereas control lines expressing norrepkat tracts (CT{z) show no
disease phenotype and no inclusions (Moseley,2@06). These findings suggested

that a gain-of-function at the protein level playetble in pathogenesis.

However, the CUG transcript could also cause deségstwo separate mechanisms.
One mechanism being that the non-coding RNA funesti@as an endogenous
antisense RNA to regulate the expression of thelkike 1 KLHL1) gene on the
opposite strand. KLHL1, homologous BvosophilaKelch, an actin-binding protein
implicated in cytoskeletal regulation (Robinson a@doley, 1997) is the only
encoded protein in the vicinity of the SCA8 mutationaking it a strong candidate
for playing a key role in pathogenesis. Klhl 1 kkaat mice do show a subtle motor
phenotype and marginal molecular layer thinning doitnot recapitulate the more
severe phenotype seen in patients with SCA8 (He.,e2006). The other possibility
is a toxic gain-of-function RNA mechanism similap ther RNA-mediated
neurological disorders such as myotonic dystroftgnum and Cooper, 2006). Here

the repeat expansions sequester some splicingategal e.g. muscleblind-like 1
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(MBNL1) but also prevent the binding of other RNAofeins that only bind to short
single-stranded CUG repeats (e.g. CUG-BP1). Thaltrés the misregulation of
alternative splicing events in several genes dualtered activities of the RNA
splicing proteins. One example of a CUG-BP1/MBNEgulated target gene found
to be upregulated in the SCA8 transgenic mouseessprg the human CTG
expanded repeat tract (CT{g and in human autopsy tissueG&ABA-A transporter
4 (Daughters et al., 2009). This upregulation of @abtay explain the loss of
GABAergic inhibition seen in the SCA8 transgenicuse by reducing GABA at the
synapse (Moseley et al., 2006). However, no Pwekiejl degeneration or any other

neurodegenerative change is observed in this moosel.

1.6.2.3 Conventional mutation models

In the case of SCA15, the mouse model precededifidation of the gene and is a
good example of how spontaneous mouse mutations been used to understand
human disease. A knockout line of mice with a pesgive movement disorder was
shown through linkage and sequence analysis tabdalan in-frame deletion of 18
bp within exon 36 oftprl, the gene encoding inositol 1,4,5-triphosphatepear
(van de Leemput et al., 2007). A similar ataxic rmuitgpe is observed in another
spontaneous mutant mous®pt), which is due to an in-frame deletion of exons 43
and 44 ofltprl (Street et al., 1997). In 2001 the disease loousfnew autosomal
dominant pure cerebellar ataxia (SCA15) was linkedhe syntenic region of the
human genome (Storey et al., 2001) leading van elemput and colleagues to

identify a large (~ 200 Kb in length) genomic deletencompassing one third of
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ITPR1 and the first half of a neighbouring ger®l)MF1 as the genetic cause of
SCA15 (van de Leemput et al., 2007). The fact hiedrozygous parents of children
with multiple sulfatase deficiency due to a homaaygSUMF1 mutation show no
signs of ataxia indicate that heterozygosity fag tteletion of SUMF1 in SCA15
patients is unlikely to underlie disease pathogendastead a heterozygous loss
(haploinsufficiency) of ITPR1 protein and the résy disruption to intracellular
Ccd" signalling in Purkinje cells would appear to beportant in SCA15. Recent
linkage analysis has now shown that the locus @AB5 overlaps with the SCA15
locus indicating that these phenotypically simiigeases, are probably genetically

identical (Knight et al., 2003; Miura et al., 2006)

Similarly, the discovery of ataxia in mice with ardeted disruption of thEgfl4
(fibroblast growth factor 14) locus led to the itlBoation of mutations in the human
FGF14 gene as the underlying cause of SCA27 (van Swietal., 2003). Members
of the intracellular fibroblast growth factor subvidy (iFGF) have been shown to
colocalize with voltage-gated sodium (Na@hannels and modulate cell excitability
(Liu et al., 2001; Liu et al., 2003; Wittmack et,&004; Lou et al., 2005; Goldfarb et
al., 2007; Laezza et al., 2007). Analysis of Fdflsice has revealed impaired
Purkinje cell spontaneous firing and it has beeyppsed that a reduced expression

of the Ngl1.6 channel underlies the deficit.
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1.7 Aims and approaches

The overall aim of my thesis was to investigate pigsiological role of3-lll
spectrin and identify mechanisms involved in Pukkircell dysfunction and
degeneration. This was achieved by the analysishashozygous f-Ill”") and
heterozygous (-111 ") B-IIl spectrin deficient mice, which were generateg Dr
Mandy Jackson, at The University of Edinburgh. Thisalysis is presented in
Chapters 3, 4 and 5. Cell culture studies were eyepl to investigate the effect
mutations associated with SCA5 have [l spectrin function and this data is
reported in Chapter 6. A second approach to uratetghe normal function @-III
spectrin was to identify proteins that interacthatlll spectrin directly. This was
achieved by carrying out a yeast two-hybrid scneging the amino terminus as bait.
Two proteins, prosaposin and clathrin light chamere considered the most
promising candidates and further experiments toficonthe interaction were

performed, detailed in Chapter 7.
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CHAPTER 2
MATERIALS AND EXPERIMENTAL METHODS

2.1 Mammalian cell culture

2.1.1 Cell maintenance

Human embryonic kidney (HEK) 293T cells were grommminimum essential media
(Sigma) containing 10% fetal bovine serum, 10 mMtayhine, ¥ non-essential amino
acids and antibiotics (penicillin and streptomyc8igma). HEK-rEAAT4 cells were
maintained in 75ug/ml hygromycin (Invitrogen). Both cell lines wengaintained in T-
75 flasks at 37°C and 5% ¢€Media was changed every 3 days and cells weieaspl
reaching 85-90% confluence. Media was aspiratedcetfs were washed with 4 ml of
pre-warmed PBS and 2 ml 0.05% trypsin (Sigma) vaaed. After 1-2 minutes at 37°C
4 ml of media were added to the dissociated celts@ntrifuged for 2 minutes at 800
rom. The cell pellet was re-suspended in 1 ml oflimend proportions used to seed
fresh flasks and/or plates. Mouse neuronal 2a (©e2a) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM), supplertexl with 4.5g/l glucose and
0.11g/l sodium pyruvate (Gibco), 10% fetal bovirerusn, 10 mM glutamine, and
antibiotics (penicillin and streptomycin). To spheuro 2a cells, media was aspirated
off and 6 ml of fresh media was pipetted up andmtavdissociate the cells. Proportions

of the cell suspension were used to seed fresksflasd/or plates.
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2.1.2 DNA transfection

For microscopic observation, cells were platedeas Ithan 50% confluency onto glass
coverslips (VWR) in 35 mm wells and transfectedhwit5 to 4 pg DNA. Prior to
transfection the coverslips, stored under ethawelke washed twice with autoclaved
MQ water and coated overnight at 37°C with polyykihe (50 pg/ml) (Sigma).
FUGENE 6, and latterly FUGENE HD transfection reagevere used according to
manufacturer’s instructions (Roche), generally gsa 3:2 ratio of pl transfection
reagent : pug total DNA. To obtain cell homogendi&k 293T cells were plated at 80-
90% confluency onto 35-mm dishes and transfecteth Wi pg of DNA using
lipofectamine 2000 (Invitrogen). Transfections weegried out in accordance with the
manufacturer’s instructions and prior to transfatticell media was replaced with
antibiotic free media. Media was also changed 2r$quost-transfection to remove
lipofectamine. 24 hours post-transfection cells eveither harvested for Western blot
analysis (refer to section 2.4), fixed with 4% pammaldehyde (PFA) for
immunostaining (section 2.1.3) or either treatethwipg/ml tunicamycin for 12 hours

or maintained at 37 °C or 25 °C for an additiorahburs before harvesting/fixation.

2.1.3 Immunostaining of transfected mammalian cells
24 hours post-transfection cells were fixed for rBthutes with 4% PFA and after
washing with 0.1 M Sorensen’s Phosphate Buffer pHcoverslips were either directly

mounted onto glass slides using hardset vectashi®lector Laboratories) or
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permeabilised with 0.4% Triton X-100 in phosphatefféred saline (PBS) for 15

minutes. Following two 5 min washes in PBS, celi&savblocked with 5% normal goat
serum (NGS)/0.1% Triton X-100 in PBS for one hdDells were then washed twice
with PBS and incubated with primary antibody foh@ur at room temperature (2%
NGS/0.1% Triton X-100 in PBS). Following three 5rmiashes in PBS cells were
incubated with secondary antibody (1:200 in PBS) Xohour at room temperature,
washed three times with PBS and once with@HHefore mounting coverslips. Primary
antibodies used were mouse anti-c-myc (Ab-1, Cali®m), rabbit anti-carboxy

terminusp-IIl spectrin, -EAAT4 and -GLAST (all kind gift adeffrey Rothstein), rabbit

anti-GADD153 (Santa Cruz) and rabbit anti-mGluR1lalgchem). Secondary

antibodies used were cyanine 3 (Cy3)- or cyanirf€y2)-conjugated goat anti-mouse
IgG (Jackson laboratories) and fluorescein isoffaoate (FITC)-conjugated goat anti-
rabbit 1gG (Cappel). Coverslips were mounted udiagd set vectashield containing
4',6-Diamidino-2-Phenylindole (DAPI) (Vector Labtwdaes) unless Cy2-conjugated
goat anti-mouse IgG was used, in which case veetdslvas the chosen mounting
agent. Images were captured with the Zeiss Axios@nfocal microscope and processed

using Image J.
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2.1.4 Solubilisation assay

Transfected cells were harvested in ice cold homiagdon buffer [HB, 20 mM HEPES
pH 7.4, 1 mM ethylenediaminetra-acetic acid (EDTA)ptease inhibitor cocktail
(Calbiochem) and 1 mM phenylmethylsulfonyl fluori(ffMSF)] containing 1% Triton
X-100. Cell suspension was rotated for 2 hours°&t defore centrifuging at 6000 rpm
for 2 minutes at 4°C. An equal volume o#Zoading dye [125 mM Tris-HCI pH 6.8,
20% glycerol, 4% sodium dodecyl sulfate (SDS), 1@%nercaptoethanol, 0.25%
pyroyin Y dye] was added to the supernatant atidtpAdditional cell pellets were re-
suspended in HB containing 8M Urea and 4% SDS ataded for 2 hours at 4°C before
centrifuging at 6000 rpm for 2 minutes. Again amagvolume of 2x loading dye was
added to supernatant and pellet. All samples weselved by SDS-polyacrylamide gel

electrophoresis (PAGE) (refer to section 2.4).

2.1.5 Stability assay

HEK 293T cells were treated with 10 pg/ml cyclohmide (Sigma) 24 hours after
transfection. Cells were harvested in HB at 0 haum 3 hours following cycloheximde
treatment and protein concentrations determinedgusioomassie-Plus Reagent and
bovine serum albumin as standard (Pierce). Sanwes resolved by SDS-PAGE and

protein levels expressed as percentage of O hours.
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2.1.6 Biotinylation

HEK-rEAAT4 cells were washed twice with 1 mM MgGind 0.1 mM CaGlin PBS,
pre-warmed to 37 °C. Cells were incubated with lsodpiotin (1 mg/ml in PBS, Pierce)
for 20 minutes at 4°C with gentle agitation, washeide with 100 mM glycine (in PBS)
and excess biotin quenched with 100 mM glycine BERor 45 minutes at 4°C. Cells
were lysed for 1 hour at 4 °C with vigorous shakig@ mM HEPES pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Triton, 1 mM PMSF and protead®bitor cocktail) and lysates
centrifuged at 13000 rpm for 15 minutes at 4°C.afiquot of supernatant was added to
an equal volume of & loading dye (total cell lysate). The remainder \wesibated with
an avidin bead suspension (Pierce) for 1 hour gattitle agitation at room temperature.
The suspension was centrifuged for 15 minutes @A 3pm at 4°C and supernatant was
added to an equal volume ofxXloading dye (intracellular lysate). The beads were
washed 4 times with lysis buffer and an equal va@wh?2x loading dye added to form
the membrane fraction. Total, intracellular and rbeame fractions were resolved by

SDS-PAGE.

2.1.7 Glutamate uptake assay

Cells grown in 6-well plates were washed twice vigt cold tissue buffer (50 mM Tris-
HCl and 320 mM sucrose, pH 7.4) before being intadbdor 10 minutes at 37°C in
either sodium plus or sodium free Krebs bufferstaming 5uM cold glutamate and

0.03 uCi/ul *H-glutamatic acid (sodium plus, 120 mM NaCl, 25 niNdHCGQ;, 5 mM
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KCl, 2mM CaC}, 1ImM KH,PO, and 1 mM MgSQ@ pH 7.4; sodium free, 120 mM
Choline Cl, 25 mM Tris-HCI, 5 mM KCI, 2 mM Cagll mM KH,PO, and 1 mM
MgSQ,, pH 7.4). Glutamate uptake was terminated by ptathe cells back on ice and
cells were washed twice with ice cold wash buf&r (M Tris-HCI, 160 mM NaCl, pH
7.4). Cells were lysed with 0.1 M NaOH and radioaiyt measured using a scintillation

counter. N&dependent uptake was determined by subtractifigfida counts.

2.2 Polymerase chain reaction (PCR)-based technigsie

2.2.1 Primer design for PCR

Primers (refer to appendix 1) were designed byathtbor, if possible with regard to the
following rules:

a) Forward and reverse primers should have sinatarealing temperatures.

equivalent numbers of (A + T) and (C + G) residues.

b) There should be no complementarity in the 4 entales most 3' in each primer,

to reduce the formation of primer dimers.

C) Primers should not have extensive stretchestafrnial complementarity, and

with regard to site directed mutagenesis:

d) Primers should have either a G or C at 3' end.
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2.22 PCR

PCR reactions were carried out in a volume ofibQsing Expand High Fidelity buffer
(2 mM Tris-HCI pH 7.5, 1.5 mM MgG) (Roche), dNTPs each at 2081, 0.3 uM of
each primer (MWG), 2.6 U Expand High Fidelity enz/mix (Roche) and 50 ng of
template DNA. Following an initial denaturation stef 94°C for 2 minutes, 24 cycles
of denaturing at 94C for 15 seconds, annealing at 55®5for 30 seconds and
extension at 6& or 72C (between 30 seconds and 20 minutes), with a &reinsion
time of 10 minutes was used. The precise anneatingperature and extension time
varied according to the predicted, ©f the primers and size of the amplified product,

respectively. Conditions for each primer pair agtaded in appendix 1.

2.2.3 Purification of PCR products

Specific PCR products were purified away from afigation primers and nucleotides
by gel extraction using the QIAEX Il gel extractidhat (Qiagen) according to
manufacturer’s instructions. Products were mixethvoading buffer (30% glycerol,
0.25% bromophenol blue) and resolved on a 1% Toédade EDTA (TAE) agarose gel.
The band of interest was excised using a sterdgpstblade and the agarose solubilzed
at 55C in 3 volumes of QX1 buffer (7 M Na ROL0 mM NaAc, pH 5.3). The DNA
binds to QIAEX Il silica-gel particles and after stang away excess agarose and salt, is

eluted with TE (10 mM Tris-HCI, 1 mM EDTA, pH 8.0).
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2.2.4 Site-directed mutagenesis

Mutations were introduced using the QuickChange-ditected mutagenesis kit
(Stratagene) according to the manufacturer’s ioitns using pRK5-myc-taggesil|
spectrin and pCDNA-YC8-111295 as template DNA. Refer to appendix 1 for primer

sequence and PCR conditions.

2.3 Methods used to subclone DNA fragments

2.3.1 Preparation of DNA

2 pug of vector DNA was digested for 2 hours and geiffgad PCR products were cut
overnight at 37°C with the appropriate restriction enzyme (Promedr@striction
enzymes were heat-inactivated at°@for 10 minutes and cut plasmid was treated with
calf intestinal phosphatase (CIP, Promega) for 30utas at 37°C and then heat-
inactivated at 70C for 10 minutes. All digested DNA was resolveddigctrophoresis

on a 1% TAE agarose gel and gel-purified with QIAEXel extraction kit (Qiagen).

2.3.2 DNA ligations and bacterial transformations

Ligation reactions were performed either overnigthd °C or at room temperature for 1
hour with 3 U of T4 DNA ligase and T4 DNA ligaseftaw (30 mM Tris-HCI pH7.8, 10
mM MgCl,, 10 mM DTT, 1 mM ATP) in a final volume of 1j@l. DH5a subcloning

efficiency competent cells (Invitrogen) were tramsied with 5pul of ligation mix
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followed by heat shocking. DNA was added topp@ompetent cells and left on ice for
30 minutes, heat shocked at 42 for 45 seconds and placed back on ice for 2 rasiut
450 pl Luria broth (LB) medium (1% Bactotryptone, 0.5% yeast extract, 0.5% NacCl)
was added and incubated at 3 for 1 hour with shaking. Aliquots of the
transformation were plated onto agar plates, supghted with kanimcycin (3Qg/ml)

or ampicillin (50 ug/ml). If pPGEM-T Easy vector (Promega) was useditectly clone
PCR products then 0.02% 5-bromo-4-chloro-3-ind@hD-galactoside (X-gal) was also

added to ampicillin plates for colour selection.

2.3.3 Isolation of plasmid DNA

Single bacterial colonies (white colonies if usipGEM-T Easy) were picked and
inoculated into 5 ml LB medium. Cultures were seppénted with ampicillin or
kanimcycin and grown overnight at 3€ with shaking. The following day plasmid
DNA was extracted using QIAprep Spin Miniprep KIQIAGEN) according to
manufacturer’s protocol. Bacteria are lysed undiealime conditions, then the lysate is
neutralized and adjusted to a high salt concentragllowing the absorption of DNA
onto the QIlAprep silica membrane. Pure plasmid Dd&k then be eluted from the

membrane with TE. A 5 ml culture reliably yield$t§ of high-copy plasmid DNA.
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2.3.4 Mammalian expression vectors

Full length ratBlll spectrin and the amino terminus of WT and L2%3IP spectrin were
amplified by PCR using primers that introduced eiBspEIl and Xbal restriction sites
or Not I andCla | restriction sites (refer to appendix 1). The P@ducts, following
digestion with the appropriate restriction enzyraed gel purification, were cloned into
the appropriately cut pPCDNA3.1 (zeo) -YC vectormkgift of Stephen Michnick). Full
length Arpl, full length prosaposin and full lengtlathrin light chain were amplified
using Quickclone rat cDNA (Clontech) as templatd eloned into either thBspEI and
Xba | sites orNot | and Cla | sites of pcDNA3.1 (zeo) -YN. Other mammalian
expression vectors used were pCDNA3.1-EAAT4 (Jacksoal., 2001), pCDNAS.1-
GLAST, pRK5-mGIluR1, pRK5-myc-tagged mGIuR5, pCDNA3nyc-tagged human
B-11I spectrin (WT and mutant forms, Ikeda et aDPB), pECFP-golgi and pDsRed2-ER

(Clontech).

2.3.5 DNA sequencing

500 ng of double stranded plasmid DNA, in a finaluwne of 30 ul dHO, and primers
(MWG) at a concentration of 3.2 uM were sent to Ei¢A Sequencing Service at the

University of Dundee. Sequencing results were amalyusing MacVector software.
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2.3.6 Glycerol stocks
For long-term storage, glycerol stocks were madeatiging 180 pl of sterile 50%
glycerol to 820 ul of bacterial culture grown ovght. Samples were mixed, snap

frozen in a dry ice/ethanol bath and stored atE80°

2.4 SDS-PAGE and Western blotting

Samples in Z loading dye were boiled for 10 minutes and cemgefd briefly before
being run on either a 4-20% gradient gel (Invitrog®er a 6% or 12% acrylamide gel in
Tris-Glycine/SDS running buffer (25 mM Tris-HCI, $2M glycine, 0.1% SDS). After
electrophoresis (gradient gels, 120 V for 90 misu&ngle percentage gels, 200 V for
40 minutes) proteins were transferred for 1 houtQft V to a nitrocellulose membrane
(Amersham Biosciences) in Tris-Glycine/methanolf&u{25 mM Tris-HCI, 192 mM
glycine, 20% methanol). Membranes were blockedLfboour at room temperature with
5% wt/vol non-fat dry milk (Marvel) in Tris-buffedesaline/Tween 20 (TBS/T, 20 mM
Tris-HCI, 200 mM NaCl,(pH 7.6 with 0.1% v/v Tween-20). Blots were incldzht
overnight at 4C with either rabbit antp-IIl spectrin (1:200), anti-EAAT4 (1:200), anti-
GLAST (1:200), anti-GLT1 (1:4000), anti-GFP (1:800@nti-p38 (1:1000), anti-
GADD153 (1:500), mouse anti-actin (1:1600 Sigmajti-ealbindin (1:1600 Sigma),
anti-HA (1:1600, Covance), anti-c-myc (1:400, Caditiem), or goat anfi-lll spectrin
(1:2000, Santa Cruz) in blocking buffer. After wagh5 times, each for 5 minutes with

TBS/T, the blots were incubated for 1 hour at ra@mperature with HRP-conjugated
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donkey anti-rabbit IgG (1:4000; Amersham Pharmadi#fRP-conjugated sheep anti-
mouse 1gG (1:4000; Amersham Pharmacia) or HRP-gatgad donkey anti-goat 19G
(1:4000; Santa Cruz). Immunoreactive proteins wéselalized by autoradiography
using enhanced chemiluminescence (ECL) accordingawoufacturer’'s protocol (Santa

Cruz Biotechnology).

2.5  Animal procedures

2.5.1 Husbandry

Mice were housed in either individual ventilateges (IVCs) or conventional cages. All
animals were kept in a pathogen free environmetitnaaintained in a 12 hour light/dark

cycle. Food and water were availabbklibitum

2.5.2 Genotyping

DNA was extracted from mouse ear notches using gatswitc’ gDNA micro tissue
kit (Invitrogen) and animals genotyped by PCR asialyAmplification used a common
upstream primer (5gagcgagaagccgtgcagaad ) 8s well as primers specific to the WT
allele (3 - aggatgatggtccacactagcc-' 3) and the PGK-neo cassette
(5 - ctaccggtggatgtggaatg - B from the mutant allele. PCR products from the WT

allele (710 bp) and the mutant allele (562 bp) wesmlved by electrophoresis on a 1%

TAE agarose gel.
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2.5.3 Behaviour tests

Prior to testing, mice were handled for 10 minyses day for 7 days and habituated to
the test environment. All behaviour tests wereiedriout in low lighting and with
constant background noise. Mice were handled, batgtl, trained and tested at the
same time of day for each experiment. As far asiptesall tests were carried out blind

to mouse genotype.

2.5.3.1 Footprint analysis

Mice had their hind paws dipped in non-toxic, wageluble black ink (Indian Ink,
Winsor and Newton) before being allowed to walk daam enclosed runway, lined with
white paper (80 cm by 10.5 cm wide). After eachltpaws were washed with water.
Three consecutive strides were measured for eaamabrStride length measurements
were taken from the base of two consecutive pam$on the same side and the base
width was measured as the distance between theecgfimdne paw print to the centre of

the next on the opposite side.

2.5.3.2 Rotarod

Mice were placed on a stationary (maximum time &bads) and rotating rod (3, 5 and
10 rpm, maximum time 2 minutes) and the latendalicoff was recorded (TSE rotarod,
3 cm diameter). On the same day each animal wandour consecutive trials with a

minimum of 30 minutes rest between trials.
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2.5.3.3 Elevated Beam
Mice were placed on a narrow horizontal beam (2 wide, 80 cm long), held
approximately 30 cm above the bench, and the nurobéind paw slips the animal

made whilst traversing the beam were counted.

2.5.3.4 Inverted Grid

Animals were placed on a cage lid, which was tHewlyg turned upside down, and the
latency to fall was measured. A maximum time ofsé@onds was given for each of the

4 consecutive trials.

2.5.3.5 Novel Object Recognition

Each mouse was placed inside a dark maze (40 cencxd and monitored by a video
camera linked to the Anymaze programme. Variousstiglaobjects were used,
constructed to be of equal height, weight and @#eto the mice. Every trial started with
a 5 min habituation phase where the mouse wasgiache centre of the empty maze
and allowed to explore. The mouse was removed farirband 2 plastic objects were
placed centrally into the maze. The mouse was thentroduced for a further 5 min,
removed for 5 min and one object replaced befoearibuse was allowed to explore the
already familiar and novel object for a further fnnmData was expressed as a ratio of

the time exploring novel object to time exploringiliar object (termed exploratory
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preference). Exploration was recorded when the mouss in close proximity to the
object, had its head orientated towards it and cetnated an active interest in the
object by either intensively smelling it or haviitg limbs up against it. Climbing on the
object was not recorded as exploration. Mice wekeerg 3 trials, with each trial
separated by 48 hours, and each time two differbjeicts were used. Between trials, the

maze and objects were thoroughly cleaned with elitarremove olfactory cues.

2.6  Analysis of mouse tissue

2.6.1 Protein homogenates

Tissue was homogenised in ice cold HB with a Tefitass homogenizer. Protein
concentrations were determined using Coomassie-pdagent and bovine serum

albumin as standard (Pierce).

2.6.2 Freezing tissue

Animals were killed with an overdose of anaesthdigsue removed and immersion-
fixed overnight at 4°C in 4% PFA/0.1 M sodium phiogie buffer pH 7.4 before
cryoprotecting in 30% sucrose/0.1 M sodium phospbaffer pH 7.4. Tissue was snap-

frozen on dry-ice and stored at -80°C.
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2.6.3 Transcardial perfusions

Mice were anaesthetised with sodium pentabarbitdl@erfused through the left cardiac
ventricle with physiological saline followed by 4%FA in 0.1 M sodium phosphate
buffer pH 7.4. Brain and kidneys were removed anthérsed in 4% PFA overnight at
4°C. Brain tissue was cryoprotected by immersio@.inM sodium phosphate buffer pH
7.4 containing 30% sucrose, snap-frozen on drydand stored at -80°C, whereas

kidneys were embedded in paraffin (refer to seci@b).

2.6.4 Frozen sections

Fixed brain tissue was mounted onto a chuck, comteoptical cutting temperature

compound (OCT), and placed in a cryochamber (L€vd 1900), the temperature of

which was maintained at -23°C. 10 um thick sagstdtions were cut, using a blade
cleaned with ethanol, and electrostatically attdctoepoly-L-lysine coated Super Frost

glass slides (VWR). Sections were stored at -207@ o staining.

2.6.5 Paraffin sections

Kidneys were removed from 4% PFA and placed intga&sissettes (VWR) which were
immersed in 50% ethanol for 2 hours and then miaietain 70% ethanol until
embedded in paraffin by Grace Grant and Vivian shiti. After processing, paraffin

blocks were attached to metal chucks, mounted &pdtated in a microtome so that the
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front side of the block was parallel with the cogtiblade. Ribbons of 10 pm wax
sections were cut, floated in a water bath (40%@) mounted onto poly-L-lysine coated

Super Frost glass slides (VWR). Slides were heiated oven overnight at 37°C.

2.6.6 Histological techniques

2.6.6.1Haematoxylin and eosin staining

Paraffin sections were first de-waxed in xylene 3 minutes and then rehydrated
through alcohol (100% to 90% to 70% EtOH), washeddHO and stained with
haematoxylin for 5 minutes. Sections were then wdsh dHO, dipped in 70% acid
alcohol (2 ml glacial acetic acid in 200 ml 70% HQwashed in dkD and submerged
in Scotch tap water substitute (STWS) for 3 minuédter a 3 min dHO wash, sections
were stained with alcohol-based acidic eosin, wéshelH,O and placed in potassium
alum before another @@ wash. Sections were then processed through 70%, 95%
and 100% alcohol, washed twice in mounting xyleme @mounted using DPX mountant
(VWR). All incubations were for 2 minutes unlesh@tvise stated and haematoxylin
and eosin solutions were filtered before use. Medirgections were left overnight at
room temperature before being imaged using Olympi@® microscope and Openlab

software (Improvision). All images were processsmh@ Image J.
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2.6.6.2Cresyl violet staining

Frozen sections were air dried for 30 minutes leefmging rehydrated through alcohol
(100% to 90% to 70% EtOH), washed in gfHand then stained with cresyl violet
solution (0.25%) for 3 minutes. Sections were thvashed in dRHO before being placed
in 70% acid alcohol. Sections were dehydrated tjinocaicohol (70% to 90% to 100%
EtOH), placed in xylene and mounted with DPX mounnt&ll incubations were for 2
minutes. Sections were imaged using the Zeiss Axtoeonfocal microscope and

images processed using Image J.

2.6.6.3Immunostaining

Frozen sections were air dried for 30 minutes leebming immunostained as described
in section 2.1.3. Primary antibodies used were maagti-calbindin D28K (Sigma),
mouse anti-glial fibrillary acidic protein (GFAPigiha), rabbit anti-saposin D (kind gift
of Ying Sun) and rabbit anfi-lll spectrin (kind gift of Jeffrey Rothstein). Smwdary
antibodies used were Cy3-conjugated goat anti-mdéySe(Jackson Laboratories) and
FITC-conjugated goat anti-rabbit IgG (Cappel). Imeagvere captured using the Zeiss

Axiovert confocal microscope and processed usiragkn].
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2.6.6.4 Quantification of cerebellar morphology

Quantification was carried out on cresyl violetirséa cerebellar sections by counting
the number of Purkinje cells along a 1 mm lineagta in folia I, 1ll, IV, VI and VIII

(the most consistent folia between animals) andcthents averaged for each animal.
The molecular layer thickness was also measur&dspecific points within each of the

aforementioned folia and the fifteen measuremergsaged for each animal.

2.7 Co-immunoprecipitations

Cerebellums were rapidly dissected and homogeriizé80 pl of HB with a Teflon-
glass homogenizer. The protein concentration wasuleaed using Coomassie-Plus
Reagent and bovine serum albumin as standard épidaB and 10% Triton X-100
were added to obatain a final concentration qfg2proteiniil and 1% Triton X-100
(v/v). Homogenate was rotated for 2 hr &€ 4efore centrifugation at 13000 rpm for 20
min at 4°C to remove cellular debris. An equal volume of Bading dye was added to
25 ul of lysate. 50Qul of lysate was incubated with either 1 pg of aaposin D
antibody or 1 pg of rabbit 1IgG. After rotating omeght at 4°C 15Qul of 50% protein A
sepharose slurry in PBS (Amersham Biosciences)agtded to each sample and rotated
for a further 2 hr atLC. Protein A sepharose was pelleted by centrifogar 2 min at
6000 rpm (4°C) and resin washed with 5¢0 HB. Wash procedure was repeated a

further three times and after the final wash, anaégolume of 2 x loading dye was
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added to the resin. Bound proteins were resolve@b$-PAGE and immunoblotted

with antif3-1ll spectrin antibody.

2.8 Methods used in yeast two-hybrid assay

2.8.1 Yeast two-hybrid assay

In the MATCHMAKER GAL4 Two-Hybrid system (Clontechthe bait gene [
[1Int295) was expressed as a fusion to the GAL4 Bihirnding domain (BD) and the
prey protein (a rat library) was expressed as #@fmuso the GAL4 DNA-activation
domain (AD). Upon interaction between the bait @nely proteins, the reporter gene,

Lac Z which tested positive fdi-galactosidase activity was activated.

2.8.2 Library screen

The bait plasmid was introduced into yeast strat®(¥ by the small-scale lithium
acetate (LiAc)-mediated method according to mariufac's protocol (Yeast Protocols
Handbook, Clontech 2001). Yeast expressing the paittein was sequentially
transformed with an adult rat brain MATCHMAKER cDNH#brary constructed in
pACT2 (Clontech), and plated on synthetic defin&€D) agar deficient in leucine,

tryptophan and histidine and containing 30 mM 3+ao¥l,2,4-triazole.
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2.8.3 Preparation of yeast protein extracts

Yeast protein extracts were prepared using the /S method according to

manufacturer’s instructions (Yeast Protocols HamdhdClontech 2001). Cells were

lysed by vortexing with glass beads in crackingdu@ M Urea, 5% SDS, 40 mM Tris-

HCI pH 6.8, 0.1 mM EDTA, 0.89%-mercaptoethanol, protease inhibitor cocktail,
PMSF and 0.25% pyroyin Y dye) and then centrifuged 3000 rpm for 5 minutes at

4°C to pellet debris and unbroken cells. Supernstaere boiled and resolved by SDS-

PAGE.

2.8.4 p-galactosidase activityassays

Colonies were screened f@rgalactosidase activity using a colony lift assay a
guantification was obtained using a liquid o-nitnepyl 3-D- galactoside (OPNG) assay,
both according to manufacturer’s instructions (YeBsotocols Handbook, Clontech
2001). Cells were lysed by freeze-thawing in lignittogen and in the former case the
cells were incubated on a filter soaked in Z buiKeagal (8 mM NaHPQO,7H,0, 4 mM
NaH,PO,H,0, 0.1 mM KCI, 0.1 mM MgS®7H,0O, (pH 7) 2.7 %B-mercaptoethanol
and 20 mg/ml X-gal stock solution) solution andtle latter incubated with 4 mg/mi

OPNG in Z buffefp-mercaptoethanol (0.27 %).
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2.8.5 Recovery of plasmid DNA from yeast

Yeast colonies were grown in 2 ml of —Leu/Trp SDdmeovernight at 30 °C with
shaking. The pellet from 1.5 ml of culture, cenigéd for 5 minutes at 13000 rpm, was
re-suspended in 200 pl of breaking buffer (2% Tri¥6100, 1% SDS, 100 mM NacCl,
10 mM Tris-HCI pH 8, 1mM EDTA). Samples were vorexvigorously for 2 minutes
with an equal volume of glass beads (Sigma) andghehloroform to break open cells
and then centrifuged for 5 minutes at 13000 rprseéond phenol/chloroform extraction
was carried out on 175 pl of the aqueous layer. WA precipitated from 150 pl of the
second aqueous layer by adding 2.5 volumes of 180f4nol and centrifuging for 20
minutes at 13000 rpm. Pellets were washed with ##@nol, air-dried and re-
suspended in 30 ul TE. Library efficiency competssits (Invitrogen) were transformed

with 10 pl of plasmid DNA.

2.8.6 Yeast Expression Vectors

Different -1l spectrin constructsp¢llint219, B-11Int258, B-111220-851 andp-111259-
851) were amplified by PCR using primers that idtrcedEco RI restriction sites (refer
to appendix 1). The PCR products, following digastwith the appropriate restriction
enzymes and gel purification, were cloned into dperopriately cut pGBKT7 vector.
Different clathrin constructs (CLC374, CLC375-74tdaCLC246-500) were amplified
by PCR using primers that introduc&to RI and Xho | restriction sites (refer to

appendix 1) and cloned into the respective sitah@pACT?2 vector.
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2.9 Statistics

Statistical analysis was performed using a Manntiéyi test or a two sample Student’s
t-test, assuming unequal variance. In certain nt&s, the Kriskal-Wallis H test
preceded the Mann-Whitney test with Bonferroni eotion for comparison within
groups. For densitometry analysis of Western bdotme sample t-test was used with

predicted value of 100% for WT.
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CHAPTER 3
ANALYSIS OF A2-63-1Il SPECTRIN

3.1 Background

The targeting strategy used by Dr. Mandy Jacksagetwerate 8-111 spectrin knockout
mouse involved replacing exons 3 to 6 with the ngomresistance gene. This
disrupted the open reading frame in the recombiafiete by introducing a premature
stop codon at the beginning of exon 7 due to exbeig spliced onto exon 7. Western
blot analysis of whole cerebellar homogenates,guaipreviously characterised afiti-
Il spectrin antibody (Jackson et al., 2001), conéd the loss of full-lengttB-IlI
spectrin (270 KDa) if-11l "~ spectrin mice and revealed its quantity was agprately
halved (58.4+ 7.4% of full lengthp-Ill spectrin) in B-111*" spectrin animals (asterix
Figure 3.1A). However, a smaller molecular weigtttein was detected at low levels in
B-1l*" and -1l spectrin mice but not in WT mice (1882.2% of full-lengthp-III

spectrin) (arrowhead Figure 3.1A).

Additional work in the Jackson lab revealed, usisgmi-quantitative reverse
transcription-polymerase chain reaction (RT-PCR)p®el 3-111 spectrin transcript was

expressed iB-111"" and B-11l " spectrin mice (Figure 3.1B). Sequencing reveakes! t
arose from exon 1, not exon 2, being spliced oxtmne/ in the recombinant allele.
Consequently no premature stop codon is introdweti the open reading frame is

retained. ThereforB-11l ¥ andB-111 7~ spectrin mice appeared to express a truncated form
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of B-Ill spectrin (~ 250 KDa) that lacks most of thdiadinding domain encoded by

exons 2-6.
A. B.
++ +/- - bp +/+ +/- -/- dH20
KDa
enmm—
250—] e | <4—exons 1-7
150—]

<4+exonsl,2&7
<4—exons 1&7

calbindin e—— a———

Figure 3.1 Low level of smaller molecular weight protein expressed in B-III”’ and |3-III'/'
spectrin mice. A) Total cerebellar homogenates resolved by SDS-PAGE and probed with
polyclonal antibody raised against C-terminal epitope of -1l spectrin. Calbindin used as protein
loading control. B) Semi-quantitative RT-PCR analysis using forward primer in exon 1 and
reverse primer in exon 7. Predicted PCR products for exon 1to 7, exon 1,2 & 7 and exon 1 & 7
are 772- 423- and 260-bp, respectively. Amplification of elongation factor (eéEF1A1) controlled
for template levels.

The initial aim of this thesis was to confirm thrartcated protein expressedpall "
andB-III"' spectrin mice was in fact protein lacking exong @2-6 3-Ill spectrin) and
determine whether this truncated protein possessgdobvious gain-of-function or
adverse properties compared to full-len@hll spectrin. In vitro experiments were
carried out to compare cellular localisation, sdityh stability and ability to stabilise

EAAT4, a known interactor ¢@-Ill spectrin (refer to section 1.5.4).
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3.2 Results

3.2.1 Cloning and expression of2-6 B-111 spectrin

The cloning ofA2-6 -1l spectrin cDNA was a 4-step process and utdisiee unique
Sphl restriction site at amino acid (aa) 1108 off3dtl spectrin and th&phl restriction
site in the vector backbone of pGEM-T easy (Figgu2A). Briefly, aSphl restriction
digest of full-lengthB-11l spectrin cDNA in pGEM-T easy released an arrdieoninal
fragment containing 1-1108 aa, leaving the remainél-Ill spectrin cDNA attached to
the plasmid backbone (step 1). The RT-PCR prodti@xon 1 spliced onto exon 7
amplified fromp-Ill”~ mice was used as one of two DNA templates in alapping
PCR to replace the normal amino terminus with exio&s7 (step 2). This PCR product
was then subcloned into pGEM-T easy vector andneeowith the insert in correct
orientation identified (step 3). The cloned inseds released by digestion wiSphl
and ligated into the previous8phl cut pPGEM-T easy vector containing the 3' en@-of
Il spectrin cDNA (step 4). Finally, amplificatioaf the cloned insert by PCR using
primers that introducedllot | restriction sites allowed2-6 B3-11l spectrin cDNA to be
cloned into two mammalian expression vectors, pCBNAand pRKS5, the latter

resulting in the addition of an N-terminal myc-tag.

Cell homogenates from HEK 293T cells transfectedhwihe newly generated

pCDNA3.1 A2-6 [B-lll spectrin construct were run alongside totalretellar
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homogenates fror-111 - and-11l "~ spectrin mice (Figure 3.2B). The expressed protein
was found to co-migrate on a SDS-polyacrylamide \ggh the smaller molecular
weight protein detected in genetically modified ejindicating the remaining protein
was3-11l spectrin lacking exons 2-6. Endogendill spectrin in HEK 293T cells was
shown to be smaller than full-length moys#! spectrin by probing cell homogenates

from cells transfected with empty vector.

3.2.2. Characterisation ofA2-6 B-111 spectrin protein

Cellular localisation

Rat B-Ill spectrin was previously shown to localise wiilstin at the cell membrane
(Jackson et al., 2001). Neuro2a cells were tratesflewith myc-tagged full length and
myc-taggedA2-6 [3-11l spectrin to determine whether the loss of ex@rb6 resulted in an
abnormal cellular distribution. Immunostaining akefd cells with an anti-c-myc
antibody showed that like full lengtBlll spectrin (Figure 3.3A)A2-6 B-IIl spectrin
was predominantly found at the cell membrane (FE@i8B). Images were captured in 3
planes and all confirmed that both full length axii6 (-1l spectrin were associated
with the cell membrane. No cytoplasmic or nucleggragates were observed. As a
negative control Neuro2a cells were transfectech veimpty vector, immunostained
using anti-c-myc antibody and no immumofluorescewes detected (data not shown).

Moreover, confocal immunofluorescence microscopyHmyma Perkins revealed that
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A2-6 B-11l spectrin inp-111"" spectrin mice was still located throughout thekitje cell
dendtritic tree but, consistent with results fronedéérn blot analysis, at a substantially

reduced level when compared with VBTl spectrin (Figure 3.3C).
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A. L
Step 1- Sphl digestion
Sphl Sphl, 1108
p p aa . Sphi Sphl, 1108 aa Sphli Sphl, 1108 aa390 aa
- cut withSphl
— . +
Step 2 - Overlapping PCR
For
Sphl : : 1 Sphl, 1108 Sphl, 1108
| ! 1 1
[ 171 | — [IA ]
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Step 3 — Cloning into pGEM
Sphi Sphl, 1108 cutwithSphi Sphl SrIJhI, 1108
- 1]7] |
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Figure 3.2 Cloning and expression of A2-6 B-11l spectrin. A) Schematic diagram of steps used
to clone A2-6 B-1ll spectrin. B) Homogenates of HEK 293T cells tranfected with empty vector
(EV), or pCDNA3.1 A2-6 p-lll spectrin (A2-6) and total cerebellar homogenates from
homozygous (B-III'/') and heterozygous (B-III”’) mice resolved by SDS-PAGE and probed with
polyclonal antibody raised against C-terminal epitope of B-Ill spectrin. (FL = full-length).
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Figure 3.3 A2-6 B-1ll spectrin is located at the cell membrane. Neuro2a cells transfected with
myc-tagged full length (red) (A) and myc-tagged A2-6 B-Ill spectrin (red) (B). Red arrow
indicates the xz orthogonal view and green arrow the yz orthogonal view of the same cell.
Nucleus was stained with DAPI (blue). Bar, 50 um. (C) Cerebellar sections from 3-week old WT
(+/+) and B-III"'(-/-) spectrin mice immunostained with anti-B-lll spectrin and anti-calbindin
antibody. Arrow indicates dendrites. ML = molecular layer, PCL = Purkinje cell layer. All images
are representative of three independent experiments. Bar, 50 ym.
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Protein Solubility

The solubility ofA2-6 -1l spectrin was compared to that of full lendtHll spectrin.
HEK 293T cells were transfected with either mycgag) full length or myc-taggeti?-6
B-1II spectrin and 24 hours post transfection celnples were homogenised in an
extraction buffer containing 1% Triton (refer tac8en 2.1.4) and separated into soluble
and insoluble fractions by centrifugation. Westétat analysis using an anti-c-myc
antibody confirmed that the levels &2-6 3-111 spectrin protein found in the supernatant
and insoluble pellet fractions were similar to tbatull length3-111 spectrin. Even when
transfected cells were solubilised in buffer camtag 8 M Urea and 4% SDS there was
no difference between levels of full length and-6 B-1ll spectrin in the insoluble

membrane pellet fraction (Figure 3.4).

FL A2-6 FL A2-6
S P S P P P
— et Hﬁl

1% Triton X-100 Urea +
4% SDS

Figure 3.4 No difference in solubility between full length and A2-6 B-Ill spectrin.
Transfected cell homogenates solubilised in buffer containing either 1% Triton or 8M Urea and
4% SDS and supernatant (S) and pellet (P) fractions resolved by SDS-PAGE. Blots probed with
anti-c-myc antibody.
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Stability

The stability of full length and2-6 -1l spectrin was compared by treating transfected
HEK 293T cells with cyclohexamide (10 pg/ml), amibitor of protein synthesis, 24
hours after transfection. Cells were harvestedfad@ys and 3-hours post treatment and
samples resolved by SDS-PAGE. Western blot anditdemstry analysis using an anti-
c-myc antibody revealed that three hours aftertanfdof cyclohexamide there was a 29

+ 6 % reduction in the level @f2-6 -1l spectrin protein but no reduction in full letig

protein (108 + 7%P = 0.018) (Figure 3.5).
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Figure 3.5 A2-6 B-lll spectrin is less stable than WT. Quantification of Western blot analysis.
Level of protein remaining 3-hours after administration of cyclohexamide expressed as
percentage of protein level at 0-hours. All data are given as means + SEM (N = 3; * P = 0.018).
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Cell surface expression of EAAT4

Previously it was shown thdi-lll spectrin increases EAAT4 glutamate uptake by
stabilising the transporter at the plasma membr@aekson et al., 2001). HEK-r-
EAAT4 cells were either transfected with empty wedEV), full length-IIl spectrin

or A2-6 B-lll spectrin and 24 hours after transfection, atibylation assay was
performed to investigate whethe2-6 B-lll spectrin stabilised EAAT4 at the cell
membrane (refer to section 2.1.6). Total, intradefl and membrane fractions were
resolved by SDS-PAGE and immunoblotted using aA#E4 serum (Figure 3.6A).
Quantification revealed tha2-6 [3-111 spectrin failed to increase cell surface exgsien

of EAAT4 (104 £ 1.8 % of EV), unlike full lengtB-IIl spectrin (117 = 1.6 % of EV) (P

=0.002) (Figure 3.6B).
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Figure 3.6 A2-6 B-lll spectrin fails to increase EAAT4 cell surface expression. (A) A
representative immunoblot using anti-EAAT4 serum to detect total, intracellular and membrane
bound EAAT4 in HEK-rEAAT4 cells transfected with empty vector (EV), full length (FL) B-llI
spectrin and A2-6 B-1ll spectrin. p38 was used as a loading control. (B) Densitometry data
quantifying levels of EAAT4 in membrane fraction. All data are given as means £ SEM (N = 3; **

P = 0.002).

71



CHAPTER 3 ANALYSIS OFA2-6 -1l SPECTRIN

3.3 Discussion

The main aim in generating a knockout mouse idbtish the expression of a protein of
interest. However it is possible that targetingt&lgies, although resulting in loss of full-
length protein, give rise to the production of tated proteins due to aberrant splicing
events or utilisation of different start codons.t Yke occurrence of various protein
isoforms can go unnoticed either simply due to ek of characterisation or as a

consequence of lack of multiple or good antibofliegprotein analysis.

The work reported in this chapter has tried to aegsliwhat is a difficult but potentially
fairly common issue in genetically modified micénc& a transcript was still expressed
in the-111"" spectrin mouse it was necessary to clone and sxine aberrant protein in
order to identify or rule out the occurrence obzit¢ gain-of-function. Expression o2-

6 B-1ll spectrin in Neuro2a cells revealed the losewbns 2-6 does not appear to have
any adverse effect on its cellular distributionthwthe truncated protein still being
located at the plasma membrane, similar to WT profehis indicates that the targeting
and trafficking of the truncated protein was nardpted, confirmed by the faa2-6 3-

Il spectrin was located throughout the Purkinjé dendritic tree in thed-I1ll”~ spectrin
mouse. As further evidence ths2-6 3-111 spectrin protein did not possess a toxic gain-
of-function, there was no sign of cytosolic or real aggregates, which are a common
phenomenon of the SCAs caused by trinucleotide restpas (Paulson et al., 1997,

Skinner et al., 1997; Holmberg et al., 1998; Schretdal., 1998; Koyano et al., 2000;
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Nakamura et al., 2001; Moseley et al., 2006). Tdet there was no difference in the
amount ofA2-6 3-111 spectrin protein solubilized by 1% Triton X-Q®r 8 M Urea and
4% SDS, compared to full-lengBlll spectrin, indicated no difference in solubylit
What thein vitro experiments did reveal was ths2-6 -1l spectrin was significantly
less stable than full lengflll spectrin, with less protein remaining afteeatment with

a protein synthesis inhibitor. In addition, posgibs a consequence of its own reduced
stability, A2-6 B-Ill spectrin failed to stabilize EAAT4 at the celurface to the same

extent as full-lengti-111 spectrin.

In conclusion the results frorm vitro experiments identified no obvious gain-of-
function or adverse property for the truncated giron2-6 B-lll spectrin. Instead it
appears, if anything, to be less functional thaltrlémgth B-Ill spectrin. These data
provide convincing evidence that tHelll™ spectrin mouse can be considered a

functional knockout.

3.3.1 Spnb3 mouse
The characterization of aberrant proteins is natinely performed in knock-out mouse
studies and so it is highly probable that a nunmdfgoublished knockout mice are not

actually true nulls. This raises the question o&thler the observed phenotype is due the
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presence of an aberrant protein isoform rather thaonsequence of loss of protein.
This may be the case for anotifietil spectrin knockout mous&gnb3"), which lacks
full-length B-111 spectrin but expresses a protein lacking @ 12 exons (~ 110 KDa)
(Stankewich et al., 2010). Unfortunately, movitro experiments were performed to
analyse the properties of this truncated protewenethough it was found to have an
aberrant expression pattern, being found in puaaatumulations within the soma, in
membrane bounded aggregates along the proximatiderghafts and along the initial
axon segment (Stankewich et al., 2010). Therefbiie possible that the myoclonic
seizures observed iBpnb3” mice are not a consequence of lossPefl spectrin
function but are due to the aberrant expressiondanehstream effects of the truncated
protein (Stankewich et al., 2010), especially sinceseizures are seen in dssill ™

spectrin mouse.

3.3.2 Deleterious effects d8 spectrin fragments

The need for careful analysis of truncated formg-tif spectrin is highlighted by the
fact there are several studies reporting dominaggtive effects of truncated forms of
B-1 spectrin (Devarajan et al., 1997; Pradhan andrtdg 2002; Leshchyns'ka et al.,
2003). The expression of region 1 and the MAD 1 dionof 3-1 spectrin Bly.s) results

in the disruption of endogenous Golgi spectrin-aimkgkeleton and reduced cell surface

expression of Na,K-ATPase (Devarajan et al., 19Siilarly expression ofly.s and

74



CHAPTER 3 ANALYSIS OFA2-6 -1l SPECTRIN

Bli415 results in cytosolic aggregates and reduced plasrambrane expression of
CD45, a membrane phosphotyrosine phosphatase sgdrascells of the hematopoietic
lineage (Pradhan and Morrow, 2002). Finally spediagmently.s andpl,.3 (which
lacks the pleckstrin homology (PH) domain and theling site for PK@,) prevents
PKCB, from interacting with neural cell adhesion molec(NCAM) clusters at the cell
surface thus suppressing NCAM-mediated neurite routlp (Leshchyns'ka et al.,

2003).

Similarly various truncated forms @f spectrin are known to be pathogenic, underlying
hereditary elliptocytosis (Dhermy et al., 1982; @ilaa et al., 1985; Pothier et al., 1987;
Eber et al., 1988; Yoon et al., 1991; Garbarz t1892). This is thought to arise from
loss of the carboxy-terminus preventing phosphtigaand dimer self-association.
Consequently there is membrane instability resgliim spontaneous fragmentation,
spherocytosis and permanent shape deformation Z8@oand Zail, 1982; Liu et al.,

1982; Liu et al., 1990; Palek and Lambert, 1990).

3.3.3 Expression of truncated proteins in other magse models

One example of where a truncated protein has ardeital effect due to a toxic gain-of-
function is in the megencephalynceph/mcephmouse, which displays seizures and an
increased brain volume (Persson et al., 2005). Kewyen this instance the truncated

protein, arising from a frame shift and the introtlon of a premature stop codon in the
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gene encoding potassium channgl K (Petersson et al., 2003), was fully charactdris
It is thought the transcripts escape nonsense-teedlaRNA decay (NMD), a process
whereby mRNAs that have a premature stop codonrgadgegradation (Hentze and
Kulozik, 1999), due to the lack of introns in tK@l genes (Brocke et al., 2002). The
study demonstrated the truncated protein is trapgddn the ER and has a dominant-
negative effect on K subunits in both oocytes and cell culture. Furtitee, the fact
the K/1.1 knockout mouse does not have an enlarged hwagreas brain overgrowth is
observed in thenceph/mceplmice suggests that it is the truncated proteit tha the
pathological effect on brain size. A similar trutezh protein has been identified in a
patient with episodic ataxia type 1 and it too bhaen shown to possess dominant-

negative effects (Eunson et al., 2000).

In contrast there appears to have been no analfyie proteins remaining in the mouse
lacking the peroxisomal ATP-binding cassette (ABEBansporter (Pujol et al., 2004).
Western blot analysis reportedly shows complete tdgprotein however the blot shown
in the original paper shows only one band’s widtla gel and a subsequent publication
reveals the detection of additional bands withah#-ABCD2 antibody, with only one
band missing in aldf mice (Ferrer et al., 2005). Although quantitatiRT-PCR
confirmed the absence of full-length transcridid identify shorter, smir-type and low
expressed fragments, indicative of NMD. Howeveeréhwas no mention of what the

other bands detected by the anti-ABCD2 antibodyeveerd no further work was done to
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analyse whether any of the truncated transcripte weanslated. Therefore truncated

forms of ABCD2 may remain in the aldmouse.

Finally, SCA3 is caused by a polyglutamine expamsio ataxin-3 (Kawaguchi et al.,
1994) as mentioned in section 1.6.2.1. Over exmessf just the polyglutamine
expansion, and not full-length mutant ataxin-3ules! in Purkinje cell degeneration
and a severe ataxic phenotype (Ikeda et al., 198} indicates that the truncated
protein is actually more toxic and potent at indgcPurkinje cell death than full length

protein.

3.3.4 Conclusions

It is evident that truncated protein isoforms caavéh unpredictable and deleterious
effects on cell function and survival. This higlhiig why in knockout mice a thorough
analysis of remaining transcripts and proteins isseatial before phenotypic
interpretation. The fact no abnormal property wdsntified for A2-6 B-1ll spectrin
strongly indicates that th& 111 spectrin mouse is a hypomorph (functional knockout
Nevertheless, the generation of a transgenic mtusteover expresses the truncated
A2-6 B-lll spectrin protein would be an alternative approaciexamine whether this

protein has a toxic gain-of-function. However takiinto consideration the data
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presented in this chapter, the ethics of utilisaidgitional mice is questionable given the

prediction these mice would have no obvious phgrety
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CHAPTER 4

CHARACTERISATION OF B-1ll " SPECTRIN
MOUSE

4.1 Background

The data shown in chapter 3 indicatesfiHél ~ spectrin mouse can be considered a
functional knockout (hypomorph) as the remainingt@n appears to be less
functional than full-lengti-11l spectrin and more importantly was found not to have
any obvious toxic gain-of-function property. Thikapter reports the behavioural
analyses carried out oBHII"‘ spectrin mice to determine whether loss el
spectrin function gives rise to a phenotype coasiswith ataxia and cerebellar

dysfunction.

4.2 Results

4.2.1 Behavioural Analyses

Body Weight

Male and female mice of both genotypes were weighe&tweeks, 6-months and 1-
year of age. There was no significant differenceveight between WT anf-11l -

spectrin mice at any age (Figure 4.1).
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Figure 4.1 No difference in body weight between B-III'/' spectrin and WT mice. Body
weight of WT mice (black) and [3-III'/' spectrin animals (white). All data are given as means +
SEM (M, male; F, female).

Gait analysis

Footprint analysis (representative trace showniguré 4.2A) performed on animals
from 6-weeks to 1-year of age indicated that hintbl gait of B-1ll spectrin mice

became progressively wider than that of WT littelesa(Figure 4.2B), with no
significant difference in stride length at any gdg&ure 4.2C). However, the latter
result might have occurred through mice walkingvatying speeds down the
runway, thus introducing heterogeneity in stridegkh, which could have masked

any genotype-dependent differences.
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Figure 4.2 Abnormal Gait in |3—III"' spectrin mice. (A) Representative footprints from 18-
week old WT and B—III"' spectrin littermates. Stride length shown by solid lines and base
width by double headed arrows. (B) Quantification of footprint patterns in B—III"' (white
square) and WT littermates (black diamonds) at 18-weeks (**P=0.0078), 6-months
(***P:2.82E'6) and 1l-year (*P=0.02). (C) Quantification of stride length. All data given as
means + SEM.
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Stationary Rod

Assessment of balance, measured by the ability &fandB-111 "~ spectrin mice to
remain on a stationary rod, showed no significanffer@nce between the
performance of WT and-lll”" spectrin mice at 3-weeks of age (Figure 4.3).
However at 6-months (P = 0.004) and 1-year of d&je (0.0007)B-lll "~ spectrin

mice struggled to maintain their balance and wageificantly worse than their WT

littermates.
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Figure 4.3 Progressive loss of balance in B-III'/' spectrin mice. The latency for WT (black)
and [3-III'/' spectrin mice (white) to remain on a stationary rod. All data given as means *
SEM. ** P <0.01; *** P < 0.001.

82



CHAPTER 4 CHARACTERISATION OB-llI " SPECTRIN MOUSE

Rotating Rod

To increase the intensity of the motor task, miegenexamined on a rotating rotarod
at 3 different speeds (3, 5 and 10 rpm). The 3-wkdlk” spectrin mice initially
performed significantly worse than their WT litteates at 3 rpm (Figure 4.4A).
However, their performance improved and on thedthmd fourth days of testirféy

111 " spectrin mice could perform almost as well as WAGain at 5 rpm althougp-

Il " spectrin mice were significantly worse than th&ff littermates on every day,
they were able to improve performance, whereasOatpin B-111” spectrin mice
showed no improvement with consecutive days ofrtgsin contrast, 6-month old
B-1l "~ spectrin mice were unable to remain for more t@rseconds on the rotating

rod even at 3 rpm and showed no improvement (FiguB).

Elevated Beam

Balance and coordination was also measured usiegethvated beam. Mice
traversed the 2 cm wide beam and impaired cooldimatas measured by counting
the number of hind limb slip§-111 " spectrin mice were generally more nervous and
hesitant to cross the beam. Frequently they wayldat turn around while on the
beam and, in so doing, lost their balance andd#llWT animals never fell off.
From 12-weeks of ag@-Ill”"~ spectrin mice not only made significantly moresli
than WT littermates (Figure 4.5) but the slips weenerally bigger. Finally a
tremor, characteristic of some ataxias, was alssemied inf-1117 spectrin mice

(refer to appendix 3 (bound-in DVD); video of mige rotating rod, elevated beam
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and tremor). Significance was obtained both witiwva sample Student’s t-test (12-
wk — 6-months P = 0.001; 1-year P = 0.0006) andaariWhitney test (12-wk — 6-
months P = 0.003; 1-year P = 0.004). Furthermtweretwas a significant difference
(P = 0.02) between 12-week — 6-month and 1l-yearamithals demonstrating a
progressive decline in motor coordination. Sigm@ifice was obtained using a
Kriskal-Wallis H" test, followed by Mann-Whitney test with Bonferrarorrection

for comparison within groups.
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Figure 4.4 Progressive motor deficits in B-III'/' spectrin mice. (A) Latency for 3-week WT
(black diamonds) and B-III"' spectrin (white circles) mice to fall from rotating rod at 3-, 5- and
10-rpm. Latency to fall was always significantly different between genotypes apart from day
3 at 3-rpm (# P=0.218). (B) Performance of 6-month WT and B-III"' spectrin mice at 3-rpm.
All data given as means = SEM.
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Figure 4.5 Loss of balance in B-III'/' spectrin mice. The number of slips made while
traversing a narrow, elevated beam were counted for B-III'/' spectrin mice (white) and WT

animals (black). (** P = 0.001 and *** P = 0.0006, two sample Student’s t-test). All data are
given as means + SEM.

Inverted Grid

There was no significant difference in muscle gterbetween WTB-IIl spectrin
and B-1I1"" spectrin mice at any point in their developmenst,neeasured by their

ability to hold onto the inverted grid at 3-weeksmonths and 1-year of age (Figure

4.6).
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Figure 4.6 No muscle weakness in |3—III"' spectrin mice. The latency for WT animals
(black) and [3-III'/' spectrin mice (white) to fall from an inverted grid was recorded. All data are
given as means + SEM.

Novel Object Recognition

B-1ll spectrin has been detected in the hippocam@askson et al.,, 2001) and
therefore the novel object recognition task wadqoered to test if there was a
difference in learning ability between WT agdll + spectrin mice. The novel object
recognition task takes advantage of a rodents’rahinstinct to explore novel items
instead of familiar ones. The amount of time tih&t tnouse spends investigating the
novel object, instead of the familiar one, is a suea of object recognition (refer to
section 2.5.3.5). The exploratory preference ofegkvold WT and3-11l " spectrin

mice was measured (Figure 4.7).
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Figure 4.7 B-III"' spectrin mice display no deficit in object recognition. Preference of WT
(black) and [3-III"' (white) spectrin mice to explore a novel object. All data are given as means
+ SEM.

4.3 Discussion

In this chapter quantification of motor behavioavealed tha-11l " spectrin mice
develop a progressively splayed hind-limb gait ahdw progressive motor deficits
on three separate motor tasks. This phenotype mirtbe wider stance and
progressive motor incoordination observed in huroases (Stevanin et al., 1999;
Burk et al., 2004; lkeda et al., 2006), making fhél” spectrin mouse a good
animal model of ataxia. Furthermore analysis of pail” spectrin mouse has

provided key insights into SCA5 pathogenesis, nepecifically indicating that a

88



CHAPTER 4 CHARACTERISATION OB-llI " SPECTRIN MOUSE

loss of B-Ill spectrin function, rather than a toxic gain-of-ftioe, gives rise to

ataxia.

The youngB-III"‘ animals (3-weeks of age) were found to have ndlpro in
maintaining balance on a stationary rod, the Idastanding motor task, whereas by
6-months of age this task was more challenging land-year theB-lll " animals
were dramatically impaired. Similarly there wasragressive deterioration in their
ability to maintain balance on a rotating rod. Awv8eks of ag@-Il " mice, although
worse than age-matched controls, were found toamgtheir performance at 3 and
5 rpm, eventually remaining on the rotating rod &-80 seconds, whereas by 6-
months of age they were unable to remain on théaolbnger than 20 seconds at 3-
rom. The fact young3-lll"' spectrin mice were able to improve their rotarod
performance demonstrated that they could overcanee rélatively mild motor

defects evident at that stage.

The poorer rotarod performance @flll™ spectrin mice could have been a
consequence of muscle weakness rather than a tasalamce and coordination.
However, this possibility was ruled out by the fimgl that their performance on an
inverted grid test was the same as WT littermaBasiilarly, differences in body
weight could not have accounted for the pooreroaterformance, as there was no
difference between genotypes at any age. Therefbthe data pointed towards the

motor deficits being due to cerebellar dysfunctemd/or degeneration, and not
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somatic defects, an assumption corroborated byliserved loss of Purkinje cells
and thinning of the molecular layer in oldBtlll”~ spectrin mice. However, a
thorough examination of other brain regions inahgdithe substantia nigra and
corpus striatum is required to rule out any othefraiencies that could contribute to

the observed phenotype.

Finally to investigate whether cognitive deficitggint have contributed to the poorer
motor performance, a measure of their cognitivéitglwas obtained using the novel
object recognition task. The exploratory preferemees greater than 1 for both
genotypes, indicating no cognitive deficit ﬁnlll"‘ spectrin mice, with all animals
spending more time investigating the novel objather than the familiar one. The
lack of involvement of other brain regions is alswlicated by the absence of
neuronal loss in cortex, hippocampus, dentate gwamus deep cerebellar nuclei

(Perkins et al., 2010).

4.3.1 Loss-of-function in disease pathogenesis

The finding reported here, that loss-@-Ill spectrin function underlies SCA5
pathogenesis, provides additional evidence to stighe emerging theory that at
least some autosomal dominant diseases are notodaetoxic gain-of-function.

Another example is SCA1 where originally the agaten of the polyQ-expanded
protein was thought to underlie toxic gain-of-fuont properties (Zoghbi and Orr,

2000), whereas recent evidence suggests the disedgedue to an altered balance
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of normal protein activities(Lim et al., 2008). Thas a decreased formation of wild
type ataxin 1-capicua protein complex and an irsgddormation of mutant ataxin
1- RBM17 complex. This results in both a partiaddef-function and enhancement
of another normal activity, the two effects contitihg to a disease phenotype. The
involvement of a loss-of-function in SCA1 pathogesewas also indicated by the
fact that disease severity and lethality are graatenice carrying a polyQ-expanded
protein but lacking wild type ataxin 1 comparedatomals with both mutant protein

and normal levels of ataxin 1 (Lim et al., 2008).

Similar results have also been found for other ahimodels of autosomal dominant
diseases. For example, the elimination of wild tyjpentingtin protein (Van
Raamsdonk et al., 2005) or androgen receptor fomc{frhomas et al., 2006)
enhances neurodegeneration in the transgenic mofiéfsintington’s disease and
spinobulbar muscular atrophy, respectively. Likeniscreased levels of wild type
huntingtin protein have been found to reduce theptgiic cell death caused by
expression of mutant huntingtin, further suggestingle for loss-of-function in cell
death (Leavitt et al., 2001). One postulated Idsshaction of mutant huntingtin is
the inability to promote brain-derived neurotrop(BDNF) gene transcription, due
to the inability to repress the function of RElestting transcription factor/neuron-
restrictive silencer factor (REST/NRSF) an inhibitf BDNF gene transcription

(Zuccato et al., 2001; Zuccato et al., 2003; Zuzeatal., 2007).
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A loss-of-function in prion diseases has also besmmggested, since the
overexpression of normal PrP protects cultured oreurfrom cell-death-inducing
stimuli (Li and Harris, 2005) and moreover, coexsgien of subphysiological levels
of wild-type PrP prevents neurodegeneration in neigressing truncated forms of
PrP (Behrens and Aguzzi, 2002). Although mice lagkihe neuronal cell-surface
PrP protein are normal (Bueler et al., 1992) thisot incompatible with a loss-of-
function mechanism as the cytoprotective functiohBrP may only be critical when

cells are compromised.

There is also emerging evidence to suggest thateltizer's disease (AD) may be
the consequence of a loss of presenilin functiatiser than the accumulation [&f
amyloid peptides in the form of amyloid plaquesd®iand Kelleher, 2007). One key
finding that supports this hypothesis is that hallks of AD pathology are observed
following the conditional inactivation of both pesslins (PS1 and PS2) in the adult
mouse cerebral cortex (Saura et al., 2004) wherease models overexpressifg
amyloid peptides appear to show no neurodegenerétizarry et al., 1997). The
fact that a large number of disease causing mugtiave been found throughout the
structure of presenilin (Bertram and Tanzi, 2008p &uggests that a loss of protein
function accounts for pathogenesis since all ditara have a detrimental effect,

which would be highly improbable if a toxic gairHoinction were responsible.

A loss-of-function caused by the creation of pramatstop codons in the gene

encoding tau tubulin kinase (TTBK2), a casein kinéSK) that phosphorylates tau,
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is also thought to underlie SCA11 (Houlden et2007). The mechanism is thought
to involve the deposition of unphosphorylated taud &nockdown data fronC.

eleganssupports a loss of TTBK2 function in tau toxicjigraemer et al., 2006).

Therefore, although previously believed to be assed with recessive forms of
disease, there are a number of reports that sutigeekiss of normal protein function
Is an important factor in a variety of dominant reelegenerative diseases, in

accordance with the findings of the present stadglation to SCAS.

4.3.2 Disease pathogenesis in other SCA5 models

Currently there are only two other proposed animadels of SCA5. One is the
previously mentioned Spnh3mouse (Stankewich et al., 2010) and the other is a
Drosophilamodel that over expresses either mutant forms ofdmp-11l spectrin or

fly B-spectrin (Lorenzo et al., 2010).

The Spnb3 mouse model is reported to develop ataxia butpirtrast to both thg-
11" spectrin mouse and SCA5 patients, the symptomereds are mild and non-
progressive, suggesting that this mouse is a padchrto the disease phenotype and,
therefore, a poor disease model. Notably, the bebavask that showed greatest
impairment in Spnb3 animals was the wire-hanging test, which is naest for
balance, but rather muscle and grip strength. M@eomyoclonic seizures were
observed in Spnb3 mice, a phenotype not reported in any SCA5 indigldand

there was also no loss of Purkinje cells, evenSiygars in the SpnB3mice. Taken

93



CHAPTER 4 CHARACTERISATION OB-llI " SPECTRIN MOUSE

together these data provide further evidence treSpnb3 mouse is probably not a
good model for SCA5 pathogenesis, despite the auttlaiming that their mouse
mirrors the pathology of human SCAS. Instead it rbaythat the truncated protein
still expressed in this mouse model has a toxim-g&ifunction property that
underlies some or all of the disease phenotypeitidddl work to fully analyse the
function of the truncated protein is required befonterpretation of a disease
mechanism can be made for the Sphib3ouse. Clearly careful consideration needs
to be given as to whether this mouse should agtballconsidered a model of ataxia

at all.

In contrast, data from the fly models, where efeaft ectopic expression of mutant
forms ofB-IIl spectrin are enhanced when endogenous levelsld type 3 spectrin
are reduced, suggests that mutargpectrin interferes with the normal function of
spectrin but ultimately loss-of-function underlit®e phenotype (Lorenzo et al.,
2010). This is supported by the fact that everh@absence of mutant formsofll
spectrin similar phenotypic defects are observednjhspectrin levels are reduced

by RNAI (Lorenzo et al., 2010 and T. Hays persammhmunication).

4.3.3 Conclusions
This chapter reports the careful analysis of a aginal model of ataxia and clearly
demonstrates a progressive motor phenotype, aatbestic of human ataxia. The

work demonstrates that a lossfifl-spectrin is pathogenic, providing key insights

94



CHAPTER 4 CHARACTERISATION OB-llI " SPECTRIN MOUSE

into disease pathogenesis. Furthermore, Purkidjdoss is observed in thg-1l17"
mouse making this model an excellent tool for fatstudy, as a number of other
SCA mouse models fail to recapitulate this impdrtaspect of the human disease

(He et al., 2006; Moseley et al., 2006; Chou ¢t28l08; Watase et al., 2008).
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CHAPTER 5

ANALYSIS OF B-lil ¥~ SPECTRIN DEFICIENT
MICE

5.1. Background

The previous chapter reported the behavioural aisalyfp-111” spectrin mice and
the results demonstrated that a losg3-0fi spectrin function underlies ataxia and
cerebellar degeneration. Since SCA5S is an autosdorainant disease this finding
indicated that either, the mutant forms[®fll spectrin are simply inactive and the
disease arises from haploinsufficiency or, in addito being non-functional, the
mutant subunits also have a dominant negative teffied suppress the function of
wild type spectrin. There is evidence from oth@use models and SCA literature to
suggest other forms of ataxia (SCA15 & 28) arisenfrhaploinsufficiency (van de
Leemput et al.,, 2007; Maltecca et al., 2009). Tdress whethe-Ill spectrin
haploinsufficiency could be pathogenic, heterozggdtll ¥ spectrin mice were
studied for signs of motor deficits and cereballegeneration. The same behavioural
tests and histological analysis used to charaetehis -1~ spectrin mouse were

performed on 6-month to 2-year-old heterozygoumats.
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5.2 Results
5.2.1 Behavioural Analyses
Body Weight

The body weight between genotypes was not founliffier at any age (Figure 5.1).
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Figure 5.1 No difference in body weight between WT and B-III”’ spectrin mice. Body
weight of male (M) and female (F) mice measured for WT (black) and [3—III+" (white) spectrin
mice at different ages. All data are given as means + SEM. The exact number of animals
used (N) at each age point is shown above each genotype.

Gait analysis

Analysis of footprint patterns showed that, unliRell” spectrin mice,p-111*"
spectrin mice did not display an increase in baskhwvat any age, when compared to
WT littermates (Figure 5.2A). Similarly, there was significant difference in stride

length between WT anf-1ll "~ spectrin mice at any of the ages examined (Figure

5.2B).

97



CHAPTER 5 ANALYSIS OR3-llI *" SPECTRIN DEFICIENT MICE

A. WTN =5 WTN =3

3 - +- N=9 +-N=7
5 2.5 7 #ﬁﬁ—:—a
% 2 Twin=14 V\;Tng WTN =3
- — +/- = —_
= | +-N=0 +H-N=7
o 15
Q
1] 1-

0.5 A

6mo lyr 15mo 18mo 2yr

B.

8 1 WTN =5 WIN =3

7 +-N=9 +- N=7
~ x z A Py &
5 6 - H——;\:N—_—:H
€ 54 wrn=14 +-N=8 WTN =3
o +- N=9 tN=T
c 4 - -
4
g ]
-E 2_
n 1

0

6mo 1lyr 15mo 18 mo 2yr

Figure 5.2 B—III”’ spectrin mice have normal gait. Quantification of base width (A) and
stride length (B) between WT (black diamonds) and B—III”’ spectrin (white circles) mice from
6-months to 2-years of age. All data are given as means + SEM.
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Stationary Rod
There was no significant difference in the abibfyWT andp-11l " spectrin mice to
remain on the stationary rod and even at 2-yearsgsfp-11l ™" spectrin mice

performed as well as their WT littermates (Figur® 5
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Figure 5.3 Progressive loss of balance not seen in B-III”’ spectrin mice. Quantification
of the latency for WT (black) and B—III”’ spectrin (white) mice to fall from the stationary rod.
Data from 4 consecutive trials, with a maxiumum time of 60 seconds, are given as means *
SEM.

Rotating Rod

Neither genotype had any difficulty to remain orotating rod at the less intensive
speeds of 3 and 5 rpm but when the speed was seteto 10 rpm, their
performance was initially compromised (Figure 5Hpwever, their performance

did improve with consecutive days of testing andreghwas never any significant
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difference between genotypes. Only on the firsi tlay of each speed at 2-years of
age wereB-1l1 """ spectrin mice obviously worse than their WT littetes but this
never reached significance (P = 0.077, 0.070 af86). By the second day they

performed as well as WT littermates.

Elevated Beam

The number of slips made, when crossing the eldviaéam were counted for WT
andp-1ll "~ spectrin mice (Figure 5.5). There was never arsjtétion in crossing the
beam for either genotype. By 18-months and 2-yeérage, there was very little
difference in the number of slips made by WT #rdl " spectrin mice and at no age
did theB-1ll ¥~ spectrin mice make as many slips as symptorfiatlic” spectrin mice

(refer to section 4.2.1).

Inverted Grid
There was no difference in the ability (11 *I- spectrin mice and WT littermates to

do the inverted grid test (Figure 5.6).
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Figure 5.4 No progressive motor deficits in B—III”’ spectrin mice. Latency of WT (black
diamonds) and B-III”’ (white circles) spectrin mice to fall from rotarod at 3, 5 and 10 rpm.
Motor performance was recorded at 6-months, 1-year, 15-months and 2-years of age. Mice
were given 4 trials per day and allowed a maximum time of 120 seconds per trial. All data
are given as means + SEM.
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Figure 5.5 No loss of balance in B-III"" spectrin mice. The number of slips made while
traversing an elevated beam were counted for WT (black) and B-III”’ (white) spectrin mice
from 6-months to 2-years of age. All data are given as means + SEM.
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Figure 5.6 No muscle weakness in B-III”’ spectrin mice. The latency for WT (black) and
B—III”’ spectrin (white) to fall from an inverted grid was recorded. Mice were given 4 trials and
a maximum time of 60 seconds allowed. All data are given as means + SEM.
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Novel Object Recognition

The novel object recognition task was performed3emeek old WT and3-Ii1*"
spectrin mice and the exploratory preference meds(ffigure 5.7). There was no
discernable difference between the ability of WTd @Il spectrin mice in

recognising the novel object.
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Figure 5.7 B-III”’ spectrin mice display no deficit in object recognition. Preference of
WT (black) and B-III”’ (white) spectrin mice to explore a novel object. All data are given as
means = SEM.

5.2.2 Histological Analysis

In order to examine cerebellar morphology sectivos 2-year old WT ang-111*"
spectrin mice were stained for Nissl. The overcellebellar size and morphology
appeared normal if-1ll " spectrin mice apart from a slight difference ilid. and

2 compared to WT (arrow Figure 5.8A). Quantificati@vealed no molecular layer

thinning or Purkinje cell loss if-ll " spectrin mice (Figure 5.8B). Cerebellar
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sections from 2-year old WT arfidill - spectrin mice were also immunostained for
calbindin D28K to examine Purkinje cell morphologhhe staining revealed no
obvious difference in the cell body or dendritiegrofp-11l - spectrin Purkinje cells

compared to WT (Figure 5.8C,D).

5.2.3 Analysis of glutamate transporter levels

A loss of EAAT4 and GLAST was observedﬁrill"‘ spectrin mice (Perkins et al.,
2010) and dramatic changes in EAAT4 distributiomeveeported in SCA5 autopsy
tissue (lkeda et al., 2006). Therefore glutamaamdporter expression levels were
examined irﬁ-lll”‘ spectrin mice. Total cerebellar homogenates frerantl 2-year
old WT andp-II1"*"~ spectrin mice were resolved by SDS-PAGE and imrhlaited
for EAAT4, GLAST and GLT1 (Figure 5.9A). Quantifitan revealed no significant
difference in any glutamate transporter at 1-yea2-gears of age ifi-lll *- spectrin
mice (Figure 5.9B). Levels of the neuronal transgroEAAT4 were normalised to
calbindin whereas levels of the astroglial trantgger GLAST and GLT1 were

normalised to actin.
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Figure 5.8 No cerebellar pathology in B—III”’ spectrin mice. (A) Cerebellar
sections stained with cresyl violet. Numbers correspond to folia. Bar, 500 ym. (B)
Left, Quantification of the mean molecular layer thickness at 2-years of age. Right,
Quantification of the mean Purkinje cell density in 2-year old WT and [3-III+" spectrin
mice. All data are given as means + SEM (WT N = 3; B—III”’ N = 3). (C,D) Cerebellar
sections immunostained with anti-calbindin D28K antibody. (ML, molecular layer;
PCL, Purkinje cell layer; Bar, 50 ym (C); Bar, 20 um (D)).
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Figure 5.9 No loss of neuronal or astroglial transporters in B—III”’ spectrin mice. (A)
Representative Western blots of cerebellar homogenates from 2-year old WT and B-llI""
spectrin mice immunoblotted using anti-EAAT4, anti-GLAST and anti-GLT1 antibody. (B)
Quantification of transporter expression from 1- and 2-year old WT and B—III"" spectrin mice.
Data plotted as a percentage of WT littermate values. Dotted line represents 100%. All data
are given as means + SEM (N = 3 of each genotype).

5.3 Discussion

The data shown in this chapter argue against haplfficiency as a disease

mechanism since even at 2-years of Bgié*~ spectrin mice show no signs of ataxia
or cerebellar degeneration. Furthermore, the degothat there is no change in the
levels of EAAT4 and GLAST i-111 ¥ spectrin mice, the two transporters found to
be reduced irB-Il”~ spectrin mice (Perkins et al., 2010), suggests ahbss of

EAAT4 and GLAST may play a role in disease pathegen
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5.3.1 Haploinsufficiency as a disease mechanism

Haploinsufficiency has been shown to underlie a emof dominantly inherited
human diseases (Santarosa and Ashworth, 2004a\&:it Birchler, 2004; Zephir et
al., 2005; Dang et al., 2008; Iwaki et al., 2008§ anore recently other forms of
ataxia (SCA15 & 28) are thought to arise from hagdofficiency (van de Leemput
et al., 2007; Maltecca et al., 2009). Often theegeinvolved in these diseases encode
proteins where a correct stoichiometry is imperfr normal function and a single
wild type copy is insufficient. Transcription facso and proteins that form

macromolecular complexes are examples of suchipsote

In the case of SCA15 it is ITPR1 haploinsufficienlgt is believed to be responsible
for a disease phenotype (van de Leemput et al.7)200PR1 is found coupled to
calcium channels and mediates calcium release th@mER following binding of
inositol 1,4,5-triphosphate, an intracellular setomessenger (Berridge, 1993;
Mikoshiba, 1993; Matsumoto and Nagata, 1999). Ahpgénic gain-of-function
resulting from the large gene deletion across tfs¢ éne-third of thdTPR1 gene
and across the first half of a neighbouring gerléM8E1, is not supported by the
findings as ITPR1 levels were dramatically redugecells derived from SCA15
patients and no disease specific truncated ITPR#lysts were detected (van de
Leemput et al, 2007). Instead the observations aansistent with
haploinsufficiency, as mice homozygous ftprl deletions display an early onset
disorder whereas humans heterozygous for the delétave a much later onset.

Analysis of aged heterozygous mice is requiredeteal whether they eventually
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show signs similar to SCA15 patients, which woukhd further support to
haploinsufficiency as a mechanism. In addition, faet ITPR1 is downregulated in
other neurodegenerative diseases such as Alzhsimisease, Huntington’s disease
and Friedreich’'s ataxia (Zecevic et al., 1999) catkks that the dysregulation of
calcium homeostasis, through loss of this protemay be a convergent disease

mechanism in neuronal degeneration.

In the case of SCA28, there is clearer evidencsufgport haploinsufficiency of a
nuclear encoded mitochondrial proteiig3l2, as the underlying cause of ataxia
(Maltecca et al., 2009). Although homozygotfg3I2 mutant mice were found to
have widespread neuromuscular dysfunction in thes @Xd PNS with impaired
axonal maturation, delayed myelination and deattuwig at postnatal day 14
(Maltecca et al., 2008; Maltecca et al., 2009)etetygousAfg3I2 mutant mice
showed characteristics of ataxia including progvesgait abnormalities, motor
deficits and cerebellar degeneration from 4-momthage (Maltecca et al., 2009).
This is thought to be due to respiratory chain dysfion resulting in elevated
reactive oxygen species production, a consequenakeoed mitochondrial calcium
homeostasis, and ultimately dysfunction and datkdemyeneration of Purkinje cells

(Maltecca et al., 2009; Di Bella et al., 2010).

With respect to SCAS5, all patients to date havenldeend to be heterozygous for

mutations in B-lll spectrin (Ikeda et al., 2006 and LPW Ranum speal
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communication). It is therefore possible that SGiBes from haploinsufficiency,
especially since spectrin functions as a heteantedr and assembly appears to be
rate limited by thegd subunit (Hanspal and Palek, 1987). One possilgithat the
mutant B-1ll polypeptides fail to associate with other suolis of the tetramer.
However, based on the findings reported here isdua® appear thdi-1ll spectrin
haploinsufficiency is responsible for either atawiacerebellar degeneration. It is
possible that mice do not live long enough for amgtype to manifest itself if-
111" spectrin mice, or that the behavioural tasks wgexk not sensitive enough to
detect minor motor deficits. However, the motortdessed were consistent with
other studies (Dunham and Miya, 1957; Crawley, 19@he other complicating
issue is that the-lll * spectrin mice will also be expressing a very lewel ofA2-6
B-1ll spectrin (refer to Chapter 3). However, thss thought unlikely to provide
sufficient function to occlude the appearance of pinenotype. Therefore, from the
analysis of3-ll +- spectrin mice it would appear tHadll spectrin haploinsufficiency

is not likely to give rise to either ataxia or deedlar degeneration.

In contrast, work by Stankewich et al., (2010) mépd an ataxic phenotype in
Spnb3” mice, but, as mentioned previously, this was based wire-hanging test
which is not generally considered appropriate asethod for assessment of motor
performance. Furthermore, no data were collectea 8pnb3™~ mice to rule out any

potential toxic gain-of-function associated witle thruncated3-Ill spectrin protein
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still being expressed in these mice (Stankewiclalet2010). Consequently, the

relevance of these mice as an accurate model ob3fst remain open to question.

5.3.2 Lack of glutamate transporter loss irB-11l *~ spectrin mice

The lack of disease phenotype and glutamate tratesgoss in-11l ¥ spectrin mice
provides evidence that EAAT4 and GLAST may be ingoatrin the development of
ataxia. Inp-11l"" spectrin mice there is an early and consisterst tdSEAAT4, the
Purkinje cell specific transporter, and with ageréhis a progressive loss of the
Bergmann glial transporter GLAST (Perkins et aD1@®). Furthermore there is a
correlation of disease severity with degree of Pyekcells undergoing dark cell
degeneration, a characteristic of glutamate-mediiexeitotoxicity (Barenberg et al.,
2001; Strahlendorf et al., 2003). The fact no ghate transporter loss, dark cell
degeneration or motor deficits were seenfitil "~ spectrin mice supports the
correlation between reduction in clearance of ghatee due to loss of EAAT4 and
GLAST and excitotoxic damage to Purkinje cells h&sg in dysfunction and

disease.

A loss of GLAST, glutamate uptake and dark celledeggation was also observed in
the SCAY transgenic mouse, where mutant ataxin-g exgressed specifically in
Bergmann glia, supporting a role for reduced a$imabgiptake in Purkinje cell

toxicity (Custer et al., 2006). The importance afan-cell autonomous mechanism

in Purkinje cell degeneration is also highlightsotive discovery that the conditional
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ablation of Bergmann glia in adult mice results ataxia and degeneration of
Purkinje cell dendrites (Cui et al., 2001). Furtkerdence that GLAST dysfunction
plays a role in cerebellar ataxia comes from ttsealiery that a complete loss-of-
function mutation in EAAT1 (GLAST), with a dominanegative effect on wild type
protein, underlies episodic and progressive at@ea et al., 2005), and a GLAST

knockout mouse possesses motor deficits (Wataae ¢998).

In contrast although EAAT4 loss does not correlgith disease progression, as the
same level of loss is observed in older animal$ wibre pronounced deficits, an
early loss of EAAT4 may be a common feature in dhset of ataxia as two other
mouse models also show a loss of both EAAT4 uid spectrin before any overt

phenotype (Lin et al., 2000; Gold et al., 2003).

5.3.4 Conclusions

The analysis of-Ill " spectrin mice reported in this chapter providesemiolence
for B-IIl spectrin haploinsufficiency in ataxia. However conjunction with the data
presented in chapter 4 that lossBeil spectrin function underlies pathogenesis, the
results indicate that the mutations associated SiflA5 have dominant negative
effects on WTB-III spectrin function in addition to partial loss ofrm@l function.
The fact no non-sense mutations have been idahtiieSCA5 patients would
support the hypothesis that haploinsufficiency @ mpathogenic and that the

mutations interfere with the normal function Pflll spectrin. Furthermore the
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analysis of boths-1l1*~ and B-Ill”"~ spectrin mice has revealed that a reduction in
glutamate transporter protein levels correlates wisease and may be an important

aspect of disease pathogenesis.
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CHAPTER 6

HUMAN MUTATIONS ASSOCIATED WITH

SCA5

6.1 Background

Originally two separate in-frame deletions and asanse mutation ig-1ll spectrin

were found to associate with SCA5 in three indepahdamilies ((Ikeda et al.,

2006); Figure 6.1). Subsequently, the screeninth@fsame regions @Il spectrin

in more than 6587 unclassified ataxic individudisntified a further twelve missense

mutations, (D Lorenzo and LPW Ranum, personal comaation). Of the residues

affected, leucine 253, alanine 486, arginine 63giname 658 and arginine 1278 are

conserved between human and rat. This chapter teeporseries of cell culture

experiments to investigate the effect mutations@ated with SCAS5 have on normal

B-111 spectrin function.

CalponinHomolog
domain/Actin
Binding Domain

a% 39 bp deletion

17 spectrinrepeatdomains

Pleckstrin
EAAT4 homology
interactiondomain

15bp deletioeﬂ
Arg634 Trp

P~

Ala 486 Thr

\\I, h Leu 253 Pro| Arg658 Trp

Arg1278 Gin

Figure 6.1 Human mutations associated with SCA5. A schematic representation of B-1lI
spectrin annotated with the location of mutations found in individuals with ataxia that are at

conserved residues in rat.
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6.2 Results

6.2.1 Generation, expression and cellular localisain of B-lll spectrin mutant
constructs

Using site-directed mutagenesis (refer to sectich4? five missense mutations,
identified in individuals with ataxia that altereesidues conserved between human
and rat, were introduced into a construct encodmg-tagged rap-Ill spectrin.
Western blot analysis confirmed the expression ofamt proteins upon transfection
of HEK 293T cells, but the level of expression edriand L253P was always

expressed at a lower level (Figure 6.2).
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Figure 6.2 Expression of full length rat B-lll spectrin with mutations associated with
SCAS. Cell homogenates from HEK 293T cells transfected with various myc-tagged B-llI
spectrin constructs resolved by SDS-PAGE and probed with anti-c-myc antibody. p38 was
used as a loading control.

Confocal immunofluorescence microscopy revealed, thialike WT, L253Pp-III
spectrin was not found at the plasma membranetiereHEK 293T or Neuro 2a

cells, but instead accumulated in a discrete iethalar location (Figure 6.3). To
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further elucidate the intracellular distributior233P was co-expressed with either a
Golgi (Figure 6.4A) or an ER marker (Figure 6.4BMhis revealed that L253p*III
spectrin appears to associate with the Golgi appau@igure 6.4A). Expression of
myc-tagged3-Ill spectrin constructs encoding an original hunnautationA39 bp or
A15 bp + R634W found in the Lincoln and French pesbgespectively (lkeda et al.,
2006), revealed no difference in cellular distribntcompared to WPB-III spectrin
(Figure 6.5). All other mutant forms of r@tlll spectrin were also found at the

plasma membrane and did not associate with thei @pjaratus (Figure 6.6).

L253P

Neuro 2

HEK 293T

Figure 6.3 Lack of expression of L253P B-1ll spectrin at plasma membrane. Neuro 2a
and HEK 293T cells transfected with either myc-tagged WT or L253P B-Ill spectrin (red).
Nucleus was stained with DAPI (blue). All images are representative of three independent
experiments. Bar, 10 ym.
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B-lll spectrin

B-11l spectrin

Figure 6.4 L253P B-lll spectrin associates with a Golgi marker. Neuro 2a cells
transfected with either myc-tagged WT or L253P (-1l spectrin (red) and either (A) a Golgi
(green) or (B) an ER (green) marker. Nucleus was stained with DAPI (blue). All images are
representative of three independent experiments. Bar, 10 ym.
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B-1ll spectrin Merge

h . .
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Figure 6.5 A39 bp and Al5bp + R634W B-lll spectrin associate with the plasma
membrane. Neuro 2a transfected with either myc-tagged A39 bp and A15bp + R634W B-llI
spectrin (red). Nucleus was stained with DAPI (blue). All images are representative of three

independent experiments. Bar, 10 um.
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Figure 6.6 Other SCA5 missense mutations associate with the cell membrane. Neuro
2a cells cotransfected with either a Golgi (green) (A) or ER (green) marker (B) and myc-
tagged B-lll spectrin constructs (red). Nucleus was stained with DAPI (blue). All images are
representative of three independent experiments. Bar, 10 um.
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At the time of this work it was found that unlikeTytthe amino terminus of human
L253P B-11l spectrin was cleaved (K Dick-Krueger and LPVdriem). Western blot
analysis using antibodies against both the N-teusiof B-111 spectrin and the N-
terminal c-myc tag confirmed that the amino terrsin@irat L253RB-111 spectrin was
cleaved, similar to human L2531l spectrin (Figure 6.7A). In contrast no cleaeag
was seen for the other two human mutatiox®9 bp andA1l5 bp + R634WB-1lI
spectrin. Confocal immunofluorescence microscopgaéed that for all three mutant
constructs the polyclonal antibody raised agaihsgt €-terminal region of-Ill
spectrin recognised the same protein as the artibvdcted against the N-terminal
myc-tag (Figure 6.7B). This demonstrated that i fal length L253RB-111 spectrin

that was associated with the Golgi and not therihitgal proteolyic fragment.

To determine whether increasing the expression 283P B-IIl spectrin had any
effect on the cellular distribution of the mutantof@in Neuro 2a cells were
transfected with different amounts of DNA (Qu§ — 4ug). This had very little effect
on the amount of L253P protein that reached thenppamembrane and instead more
protein appeared trapped at the Golgi apparatga(&i6.8A). Similarly, increasing
the length of time for protein expression did nesult in more L253P protein

reaching the plasma membrane (Figure 6.8B).

119



CHAPTER 6 HUMAN MUTATIONS ASSOCIATED WITH SCA5

S 8 8
A c & E E
5 § 5 2 2
< £ < <
g &5 2 &% & 8
= el E g 9
Kpa 3= 3 z 3 3 4
34—
| - ———
26— - — }cleaved
—— products
34 < ——
26 — } cleaved
o Lo products
B. C' B-lll spectrin

Untransfected

: bp.

Figure 6.7 Full length L253P B-1ll spectrin associated with Golgi. (A) Neuro 2a cellular
homogenates immunoblotted using antibodies against either N-terminus of B-Ill spectrin (top
panel) or c-myc epitope (bottom panel). (B) Neuro 2a cells transfected with myc-tagged
L253P, A39 bp and A15 bp + R634W B-IIl spectrin and immunostained with a carboxy-
terminal anti- B-11l spectrin antibody (green) and an anti-c-myc antibody (red) to detect amino
terminal myc-tag. Nucleus stained with DAPI (blue). All images are representative of three

independent experiments. Bar, 10 uym.
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2ug 4pg
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Figure 6.8 Increased protein levels or longer time for protein expression does not
result in normal cellular distribution of L253P B-lll spectrin. (A) Neuro 2a cells
transfected with different amounts of myc-tagged WT or L253P $-1Il spectrin construct DNA.
B-11I spectrin (red), nucleus (blue). (B) Neuro 2a cells transfected with either myc-tagged WT
or L253P B-lll spectrin and left for 36- or 72-hours before fixation and immunostaining.
Nucleus stained with DAPI (blue). All images are representative of three independent
experiments. Bar, 10 ym.
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6.2.2 Dominant negative effect of L253P on W-Ill spectrin

To determine what effect L253RIII spectrin had on WT protein, YFP-tagged WT
B-1Il spectrin was co-expressed in Neuro 2a cellthwnyc-tagged L253M-IlI
spectrin. Immunostaining with antibodies against ¢timyc and GFP tags revealed
that the presence of L253BIlI spectrin resulted in WTB-IIl spectrin being
abnormally located and found in the same cellutaralisation as L253/-IlI
spectrin (Figure 6.9). However, when YFP-tagged Bl spectrin was co-
expressed with myc-taggdttlll spectrin both constructs were located at tled c

membrane (Figure 6.9).

Anti-c-myc Ab Anti-GFP Ab

myc-L253P

Figure 6.9 L253P B-lIl spectrin has a dominant negative effect on WT B-Ill spectrin.
Neuro 2a cells co-transfected with YFP-tagged WT B-lll spectrin and either myc-tagged WT
or L253P B-lll spectrin. Immunostaining used anti-c-myc antibody (red) and anti-GFP
antibody (green). All images are representative of three independent experiments. Bar, 10
pm.
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6.2.3 Trafficking of membrane proteins disrupted byL253P -l spectrin

To examine what effect L253RI11l spectrin had on the trafficking of other prite
Neuro 2a cells were co-transfected with either tagged WT or L253F3-III
spectrin and EAAT4, a protein known to interacthnéind be stabilised at the cell
surface by WTB-1ll spectrin ((Jackson et al., 2001); refer totget 1.5.4). EAAT4
was found at the cell membrane when Wl spectrin was coexpressed, whereas in
the presence of L253R 11l spectrin EAAT4 had the same intracellular distition

as L253R3-111 spectrin (Figure 6.10).

L253P EAAT4A Merge

Figure 6.10 L253P B-1ll spectrin reduces EAATA4 cell surface expression.

Neuro 2a cells co-transfected with EAAT4 and either myc-tagged WT or L253P -1l spectrin.
Cells immunostained using anti-c-myc (red), anti-EAAT4 antibody (green) and nucleus
stained with DAPI (blue). All images are representative of three independent experiments.
Bar, 10 pm.
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To determine whether the defect in protein traffigkwas specific t@-Ill spectrin,
and proteins it interacted with, the same experimweas repeated using constructs
that encoded GLAST, mGIuR1 and mGIuR5. To daterethe only evidence to
suggest that mGIuR1 directly interacts witHll spectrin (K. Armbrust and LPW
Ranum, personal communication). Confocal immuno#laocence microscopy
revealed that, like EAAT4, the cellular distribute of GLAST (Figure 6.11A),
MGIuR1 (Figure 6.11B) and mGIuR5 (Figure 6.11C) evealtered when co-
expressed with L253B-IIl spectrin. However, with EAAT4 there was a cdetp
loss of membrane staining but GLAST, mGIuR1 and uiGl were still partially
associated with the membrane. Furthermore the notgh of cells transfected with
L253P B-11l spectrin was substantially different to theft WT as they had a more

rounded appearance.
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Figure 6.11 Trafficking of proteins from the Golgi disrupted when L253P B-Ill spectrin
expressed. Neuro 2a cells co-transfected with either myc-tagged WT or L253P 3-111 spectrin
and GLAST (A) or mGIluR1 (B). (A,B) Cells immunostained using anti-c-myc (red), anti-
GLAST (green) and anti-mGIluR1 antibody (green). (C) Cells transfected with either
untagged WT or L253P -1l spectrin and myc-tagged mGIuR5. Cells immunostained with
anti-c-myc (green) and carboxy-terminal anti-B-1ll spectrin antibody (red). Nucleus stained
with DAPI (blue). Colours applied using Image J. All images are representative of three
independent experiments. Bar, 10 um.
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6.2.3.1 Membrane trafficking and interaction with Arpl rescued by
temperature shift

Prior to immunostaining transfected cells were bated for a further 12 hours at a
lower temperature (25 °C) and the temperature shids found to rescue the
trafficking defect of L253B-11l spectrin. At the permissive temperature L258RI
spectrin, like WT, was now localized at the cellmibeane (Figure 6.12A). Western
blot analysis revealed that the temperature shdfhdt enhance protein levels and in
fact showed that at 25 °C L253RII spectrin levels were still lower than that\WT
(Figure 6.12B). The disruption to EAAT4 traffickingas also rescued by incubating

at the lower temperature (Figure 6.12C).

Previously it was shown thdd-1ll spectrin interacts with Arpl, a subunit of the
dynactin complex and copurifies with dynein and aytm on intracellular vesicles
from rat brain (Holleran et al., 2001). A biomol&ufluorescence complementation
(BIFC) assay (refer to section 7.2.2) was usedntestigate whether the L253P
mutation interfered with the ability of the N-temmis of 3-1ll spectrin to interact

with Arpl. Full length Arpl and the amino-terminaf$3-11l spectrin (amino acids 1-

295) were cloned downstream of the N-terminal (Yadd C-terminal fragments
(YC) of YFP respectively and HEK 293T cells trarc$éel with the expression
vectors. Coexpression of YN-Arpl and WT Y3zHI spectrin yielded fluorescence
but no fluorescence was observed when L253PBMI{T-spectrin was coexpressed
with YN-Arpl (Figure 6.13A), indicating that the tation does indeed eliminate the

interaction betweef-lIll spectrin and Arpl. However, incubation at°€5for an
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additional 12 hours produced a fluorescent sigfédufe 6.13A). Western blot

analysis confirmed all proteins were expresseddt Figure 6.13B).

A. [ 37c || 25c |
WT L253P WT L253P
KDa i
WT - - - | — B-1ll spectrin
170— "
130— B i & —
actlnl — — — I
L253P
C.
L253P
EAAT4

Figure 6.12 Membrane localisation rescued by temperature shift. (A) Cells
transfected with either myc-tagged WT or L253P -1l spectrin and 24 hours after
transfection cells incubated for a further 12 hours at 37°C or 25°C before
immunostaining with anti-c-myc antibody (red). (B) Western blot analysis of HEK
293T cell homogenates probed with anti-c-myc antibody. Actin was used as a
protein loading control. (C) HEK 293T cells expressing myc-tagged L253P 3-1lI
spectrin and EAAT4. 24 hours post-transfection cells were incubated for a further 12
hours at 25°C. Cells immunostained using anti-c-myc antibody (red) and anti-EAAT4
antibody (green). All images are representative of three independent experiments.
Bar, 10 pm.
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Figure 6.13 Interaction with Arpl rescued by temperature shift. (A) BiFC assay using
HEK 293T cells transfected with Arpl fused to the N-terminal half of YFP (YN-Arp) and the
amino terminus of B-lll spectrin, with or without the L253P substitution, fused to the C-
terminal half of YFP (YC-BIII). 24 hours after transfection cells were incubated at 37°C or
25°C for a further 12 hours. Nucleus was stained with DAPI (blue). All images are
representative of three independent experiments. Bar, 10 um. (B) Western blot analysis of
HEK 293T cell homogenates probed with anti-GFP antibody. Actin was used as a protein
loading control.

6.2.4 L253Pp-11l spectrin does not induce the unfolded proteinresponse

A number of neurodegenerative diseases like ampgbirolateral sclerosis (ALS)
(Atkin et al., 2006; Nagata et al., 2007) and Alniex’s disease (Salminen et al.,
2009) have been shown to be associated with acetiolof abnormal protein,
impaired ER homeostasis and activation of the EfRlded protein response (UPR).
The UPR can be triggered by a block in traffickatgthe ER and Golgi, as well as
the accumulation of unfolded or misfolded protaimshe ER. ER stress induces the
expression of CHOP (GADD153), a transcription facjoowth arrest and DNA

damage/C/EBP-homologous protein, which is belieteede a downstream effector
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of all three UPR pathways (Oyadomari and Mori, 2004 et al., 2005). Therefore,
it was investigated whether the expression of L2B3P spectrin induced the UPR
given its detrimental effect on membrane proteaffitking. Neuro 2a cells were
transfected with either GFP, WBFIII spectrin, L253PB-111 spectrin, EAAT4, WTp-

[ll spectrin and EAAT4 or L253MB-1ll spectrin and EAAT4. Western blot and
densitometry analysis revealed that CHOP expressidnced by L253Pg-II

spectrin overexpression was not significantly défe to that of cells overexpressing
GFP (Figure 6.14A). Western blot analysis and imafluorescence microscopy
confirmed the pharmacological induction of CHOP resgion in Neuro 2a cells by
tunicamycin, a blocker of N-linked glycosylationigbre 6.14B,C). In contrast no
nuclear staining for CHOP was observed in Neuraés transfected with either

WT or L253PB-11l spectrin (Figure 6.14C).
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Figure 6.14 L253P B-IIl spectrin does not induce unfolded protein response. (A) Neuro
2a cells transfected with constructs encoding either GFP, WT B-IIl spectrin, L253P B-IlI
spectrin, EAAT4, WT B-lll spectrin and EAAT4 or L253P -1l spectrin and EAAT4. Total
cellular homogenates resolved by SDS-PAGE and immunoblotted using anti-CHOP
antibody. Data quantified by densitometry and expressed relative to level of GFP expressing
cells (means = S.E.M, N = 3). (B) Total cellular homogenates of untreated (-T) and cells
treated with tunicamycin (+T) for 12 hours resolved by SDS-PAGE and immunoblotted using
anti-CHOP antibody. (C) Confocal microscopy of cells transfected with myc-tagged WT or
L253P B-IIl spectrin using an anti-c-myc antibody (red), an anti-CHOP antibody (green) and
nucleus stained with DAPI (blue). All images are representative of three independent
experiments. Bar, 10 ym.
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6.3 Discussion

The data presented in this chapter indicate ther@ dominant-negative effect on
wild-type B-11l spectrin function for the L253P missense migtatfound within the
B-111 spectrin calponin homology domain of individsavith SCAS5. Instead of being
primarily localised at the cell membrane, mutanb3R B-Ill spectrin was found
associated with the Golgi apparatus and furtherrd@mipted the normal trafficking
of WT B-1ll spectrin and a number of transmembrane presteifhe fact that the
disruption to protein trafficking was rescued bgubating at a lower temperature
suggests the missense mutation L253P alters thisipreonformation off3-1ll
spectrin (Payne et al.,, 1998; Gelman and KopitdQ220Thomas et al., 2003;
Anderson et al., 2006; Rusconi et al., 2007; Rafmel al., 2008). This assumption
is supported by the fact circular dichroism showess ofa helical content in the
amino terminus of human L253RIII spectrin (KA Dick Krueger and LPW Ranum,

personal communication).

Furthermore the results presented here are the tbrdirectly show an SCA5
mutation can interfere with the ability of specttminteract with Arpl, a component
of the dynactin complex, thus providing mechanistisights into how protein
trafficking defects may arise. Nevertheless, destie intracellular accumulation of
proteins due to expression of L258RIl spectrin, there was no sign of the UPR
suggesting that the loss of normal transmembraoteiprfunction is more critical for
SCAGS pathogenesis rather than an intracellular rmotation of protein. This is in

contrast to other neurodegenerative diseases andemodels that have been shown
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to be associated with an intracellular accumulatdmproteins in conjunction with
the UPR (Atkin et al., 2006; Kim et al., 2006; Ntgat al., 2007; Salminen et al.,

2009).

6.3.1 Loss of transmembrane proteins in SCA5 pathegesis

6.3.1.1 MutantB-11l spectrin proteins disrupt vesicular traffickin g of membrane
proteins

A role for B-11l spectrin in vesicular trafficking was previdygproposed based on its
ability to interact with Arpl, a subunit of the dystin complex, and copurify with
dynein and dynactin from rat brain vesicles (Halferet al., 2001). Dynactin is a
multi-subunit complex that binds to the microtuliieotor dynein (Karki and
Holzbaur, 1995; Vaughan and Vallee, 1995) and sal&y binding spectrin it forms
a link between the spectrin coat of transport Vesiand the motor (Presley et al.,
1997; Holleran et al., 1998; Holleran et al., 20PWyresan et al., 2001). Work with
Drosophila confirms a role for3 spectrin in protein trafficking as knockdown by
RNAI treatment disrupted the subcellular localiaatiof a number of synaptic
proteins and resulted in the accumulation of axarsmboes (Featherstone et al.,
2001; Pielage et al., 2005, 2006; Lorenzo et 802. In addition, a role in vesicular
transport is suggested by the ultrastructural amalgf Purkinje cells lacking-11l
spectrin where a large number of vesicles are wbdesurrounding the Golgi

cisternae (Perkins et al., 2010).
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There is also evidence from work wibrosophilato indicate that two mutations
associated with SCAS(39 bp and L253P) disrupt vesicle transport. Livaging
of larval axons shows a disruption to vesicle moeetrwhen humai-Ill spectrin
harbouring one or other of these mutations is oymessed (Lorenzo et al., 2010).
Furthermore their work iDrosophilaindicated a link between defects in the dynein-
dynactin complex and SCA5 pathogenesis (Lorenzalgt 2010). When flies
overexpressing humgBlil spectrin harbouring th& 39 bp mutation were crossed
with either a hypomorphic dynein heavy chain alletea dominant mutation in the
p150°"“® subunit of dynactin the larvae displayed exacexbabsterior paralysis and
slowing of vesicle transport, inferring a synengiseffect between spectrin and
dynein-dynactin (Lorenzo et al., 2010). Similarlyetrough eye phenotype was
enhanced in flies overexpressing either 89 bp or the L253P mutation by the

dynein-dynactin mutants (Lorenzo et al., 2010).

Here we directly show that the L253P mutation iigiexs with the ability of spectrin
to interact with Arpl, and therefore highlight hoarmal vesicular trafficking can be
disrupted in some cases of SCA5 due to disruphedibk between vesicles and the
microtubule motor dynein. Similar to the study e tSCA1 transgenic mouse, where
one interaction of ataxin-1 is lost and anotheragaled by the polyQ expansion (Lim
et al., 2008), the presence of the L253P mutatamaiso been shown to result in an
enhanced interaction with actin (KA Dick KruegerdabhPW Ranum, personal

communication). Therefore, a change in protein aonétion due to the substitution
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of leucine 253 by proline may alter the balanceaimalp-l1ll spectrin interactions,
enhancing its ability to bind actin and reducing ability to interact with Arpl,

resulting in protein trafficking defects.

Importantly, a direct role for dynein in the traonsgpof proteins into dendrites has
recently been shown (Kapitein et al., 2010), suppgthe findings from this chapter
which suggest that interfering with the binding vibe¢n -111 spectrin and Arpl
could result in defects to protein trafficking wittthe Purkinje cell dendritic tree of
SCAGS patients. Due to Purkinje cells being amorgyléingest neurons in the human
CNS (Paley and Chan-Paley, 1974) the traffickingnaicromolecules, vesicles and
organelles are essential for the maintenance andvalof the elaborate dendritic

tree.

Although a similar disease phenotype was obsermeB®rosophila for both the

A 39 bp and L253P mutations (Lorenzo et al. 2010)association with the Golgi
apparatus was only observed in the present studihélL253P mutant protein. All
other mutant forms of-11l spectrin analyzed here were found to posskessame
plasma membrane distribution as VBl spectrin. Similarly, onlyp-lll spectrin
harbouring the L253P mutation was found to be ddaat the N-terminus, whereas
neither theA 39 bp norA 15 bp + R634W mutations showed such cleavage,

indicating different effects of the mutations orogein structure and function. This
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raises the question of what effect do the othematiarts have on the normal function

of B-11l spectrin?

6.3.1.2 Failure of mutantg-lll spectrin proteins to stabilize transmembrane
proteins

As mentioned previousl@-11l spectrin is thought to stabilize EAAT4 at tpéasma
membrane (Jackson et al., 2001) and using totalnat reflection fluorescence
(TIRF) microscopy Ranum and colleagues have shtwenn-frame deletion found
in the Lincoln SCAS pedigree to stabilize EAAT4thaé plasma membrane of HEK
cells to a lesser extent than wild-typdll spectrin (Ikeda et al., 2006). Therefore,
the other mutant forms ¢@-lll spectrin, although present at the plasma meméby
may be ineffective at retaining or stabilizing serembrane proteins at the cell
surface. This could be due to the loss of a dirgeraction with the transmembrane
protein or instead with the adaptor proteins 4.d ankyrin that form a membrane
skeleton and are essential for the stable cellasarfexpression of numerous
transmembrane proteins (Anderson and Lovrien, 1@®&Jeman et al., 2003; Lin et
al., 2009). Further studies are required to ingaséi whether other mutations
associated with SCAS5 interfere with the binding[®fll spectrin to 4.1, ankyrin

and/or other interacting partners.
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6.3.4 Conclusions

This chapter clearly identifies an abnormal celustribution and loss-of-function
for the L253P mutant form @-IIl spectrin associated with SCA5, namely the loss
of interaction with Arpl and disruption to proteirafficking. Furthermore as the
results from analysis of the heterozygdisll spectrin deficient mice suggested
(refer to chapter 5) this mutation does have hdsmainant-negative effect on W3

[l spectrin function, preventing its expression thie plasma membrane. The
detrimental effects of other mutations associated ®CA5 still remain elusive and

require further investigation.
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CHAPTER 7
IDENTIFICATION OF PROTEINS THAT
INTERACT WITH THE AM INO TERMINUS OF
B-1Il SPECTRIN

7.1 Background

For over a decade the yeast-two hybrid assay (asrided in section 2.8) has
identified interacting partners for a large numbeédifferent proteins (Chien et al.,
1991; Okura et al., 1996; Shen et al., 1996; Coates Hall, 2003; Nallani and
Sullivan, 2005; Park et al., 2009). To shed lighttbe normal functions of-1lI
spectrin, especially the region missing from thetgin expressed if-1ll "~ spectrin
mice (\2-6 Bl spectrin), an adult rat brain cDNA library wasreened using the
amino-terminus of3-1ll spectrin as bait. The two proteins thoughtlht® the most
promising candidates, and analysed in more deta&ite prosaposin/saposin D and
clathrin light chain 1 (CLC1). Prosaposin (PSAP)the precursor protein for a
family of four lysosomal glycoproteins (saposinsB,C and D) (Vielhaber et al.,
1996) and strong evidence to support the furthatyars of prosaposin/saposin D
comes from a paper by Matsuda et al., (2004) whesaposin D KO mouse was
shown to develop ataxia and dramatic Purkinje loss. With respect to CLC1 and
clathrin’s well-documented involvement in vesidafticking (Brodsky et al., 1991;
Kirchhausen, 2000; Brodsky et al., 2001; Fotinlgtz904; Robinson, 2004; Poupon
et al., 2008), it too was considered suitable tothfer study due to the postulated

role of B-IIl spectrin in protein trafficking (refer to chigy 6).
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7.2 Results

7.2.1 Yeast two-hybrid assay

Exons 1 to 7 of raB-1ll spectrin (amino acid residues 1-295) were uasdait and
were amplified by PCR using primers that introdu€smb RI restriction sites (see
appendix 1). Protein extracts were obtained froasystrain Y190 transformed with
the bait construct pGBKTPR-11Int295 and expression of the fusion protein

(~ 56kDa) confirmed by Western blot analysis (Fegurl).

KDa

2=

55—
43—

" B-1IINt295

Figure 7.1 Expression of amino-terminus B-1ll spectrin fusion protein used as
bait in yeast two-hybrid screen. Protein extract from Y190 cells transformed with
bait construct (pGBKT7-3-11Int295) resolved by SDS-PAGE and probed with anti-c-
myc antibody. Size of protein markers shown on the left.

In the yeast two-hybrid screen, protein interadiovere detected by the ability of
transformed yeast to grow on dropout media and loye lzolouration of yeast
colonies in the presence of 5-bromo-4-chloro-3-ipidf-D-galactopyranoside. Of
the 210 clones that grew on dropout media, 60 turpleie. Plasmid DNA was

rescued from all sixty positive clones and sequenoif 21 revealed the majority to
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be false positives, containing inserts that wetbeeiout-of-frame or were part of
untranslated regions (Table 7.1). Of the plasmatpuenced the potential clones of
interest were clathrin light chain 1 (Genbank Ast@s number NM 031974) and the
last 79 amino acids of prosaposin (Genbank Accessimnber NM 002778) (Figure
7.2). Although an interaction between Arpl anddheno-terminus of-11l spectrin
was first reported in yeast (Holleran et al., 20844l an interaction was observed in
the BIFC assay (refer to chapter 6), no clone eingodrpl was evident in the

present yeast two-hybrid screen.
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Table 7.1 Sequence results of clones detected wiltle yeast-two hybrid screen

pACT Insert Sequence
clone | Size (bp)
3 138 guanylate kinase (out of frame)
8 427 Enolase
30 201 transmembrane protein 151 cDNA (out of flame
34 20 ribosomal protein S27a (out of frame)
37 24 cytochrome oxidase (out of frame)
43 206 tumour protein (out of frame)
44 146 3 UTR of predicted apoptosis-associated tyrosinaden
78 203 5" UTR of neurogranin
85 29 3 UTR of mKIAA0128
86 200 3 UTR of epsin 2
93 383 3 UTR of microtubule associated protein
97 833 clathrin light chain 1
125 98 5 UTR of mitochondrial ribosomal protein L55
130 98 5 UTR of predicted mitochondrial ribosomal proteiba.
149 38 ATPase (out of frame)
166 170 3 UTR of discs, large homolog 2 (Drosophila)
170 17 3 UTR of metallothionein 3
181 131 protein similar to TNF intracellular domamteracting
protein (out of frame)
186 530 zinc finger protein RP-8 (out of frame)
199 272 prosaposin/saposin D
210 26 procollagen, type 1, alpha 1 (out of frame)

UTR — untranslated region
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405 aa 486 a&24 aa

A B C D Full length prosaposin
445 aa 524 aa
D PACT2199

Figure 7.2 Carboxy terminus of prosaposin/saposin D. A schematic
representation of full length prospaosin and the carboxy terminus of
prosaposin/saposin D pulled out in the yeast two-hybrid assay. aa, amino acid.

7.2.1.1 Carboxy-terminus of prosaposin/saposin D iaracts with B-Ill spectrin

in yeast

An interaction between the amino-terminus [®ill spectrin and the carboxy-
terminus of prosaposin/saposin D was confirmed bgasuringp-galactosidase
activity in yeast retransformed with the rescueasplid pACT-199 and pGBKT[3-
[lInt295 (COOH-prosaposin an@HlInt295 in Figure 7.2A). Activity was found to
be substantially higher than when pGADT7-T and pGEI were transformed,
these being control prey and bait constructs, dsmdy. Even higherp-
galactosidase activity levels were obtained whdarger bait protein {-11int851;
amino acids 1-851), similar to that used by Holeed al., (2001) was used in the
assay. In contrast, np-galactosidase activity above control levels waseobed
when full length Arpl was coexpressed with the e@arigait protein (Figure 7.3A),
although Western blot analysis confirmed expressibrull length Arpl (Figure

7.3B).
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Figure 7.3 Carboxy-terminus of prosaposin/saposin D interacts with amino-terminus
B-1ll spectrin in yeast. (A) p-galactosidase activity of yeast expressing GAL4 (BD) —
BlINt295 or GAL4 (BD) — BlIInt851 and GAL4 (AD) - COOH — prosaposin quantified using
OPNG liquid assay. Activity of control bait (pGBKT-53), control prey (pGADT7-T) and full
length (FL) Arpl, a protein previously reported to interact with B-1lInt851, also measured. (B)
Protein extract prepared from yeast transformed with GAL4 (AD) — Arpl, analysed by SDS-
PAGE and immunoblotted with anti-HA antibody.

7.2.1.2 Region of-1ll spectrin required for interaction narrowed dow n to exon

7

Additional bait proteins (exons 1-BI{Int219), exons 1-6 {llint258), exon 6 —
amino acid 851[111220-851) and exon 7 — amino acid 8p4ll spectrin @111259-
851)) were generated (refer to section 2.8.6) twoma down the region of-lll
spectrin that interacted with carboxy terminus obsaposin/saposin D (Figure
7.4A). Western blot analysis of yeast extracts icordd all bait and prey proteins
were expressed and migrated according to theirigisetimolecular weights (refer to
appendix 2) (Figure 7.4B). Bait proteins were fusedhe myc-tagged GAL4 DNA
binding domain (19kDa) whereas prey proteins waeed to the HA-tagged GAL4

activation domain (15 kDa).
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Figure 7.4 Interaction with carboxy-terminus prosaposin/saposin D requires B-IlI
spectrin exon 7. (A) Left, Schematic representation of bait proteins used to narrow down
region of interaction. Right, Quantification of B-galactosidase activity using OPNG liquid
assay. (B) Protein extracts from transformed yeast resolved by SDS-PAGE and
immunoblotted with antibodies against myc-epitope (bait) and HA-epitope (prey).
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7.2.2 Bimolecular fluorescence complementation (B{) assay

7.2.2.1 Prosaposin/saposin D and the amino-terminyslil spectrin interact in
mammalian cells

Bimolecular fluorescence complementation (BiFC)agss a technique that allows
the direct visualisation of protein interactionstin mammalian cells (Hu et al.,
2002) and was utilised to confirm the protein iatgions identified in the yeast-two
hybrid screen. The technique is based on the gemermaf a fluorescent signal when
the two halves (YN, amino acids 1-154 and YC, ananmls 155-234) of enhanced
yellow fluorescent protein (YFP) are brought togethmediated by the association
of two interacting partners fused to YN and YC (Fig 7.5A). Individually the two

halves do not emit fluorescence.
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Figure 7.5 Bimolecular fluorescence complementation assay. (A) Schematic diagram
showing principle of BIiFC (adapted from Hu et al., 2002). (B) Left, Diagramatical
representation of positive control vectors with leucine-zippers as cloned inserts. Right,
Confocal immunofluorescence image of HEK 293T cells transfected with positive control
vectors. Nucleus stained with DAPI (blue). Bar, 10 um.

cDNAs encoding proteins of interest were amplifogdPCR to introduce eith@&tot |
— Cla | or Bsp El and Xba | restriction sites (refer to appendix 1) and eldn
upstream or downstream of the YFP fragments, réispéc replacing the positive

control leucine zipper inserts (Figure 7.5B). HES3Z cells were transfected with

four vector combinations:

1) YN-prosaposin + YCBI11295

2) prosaposin—YN BI11295-YC

3) prosaposin—YN + YCBII1295
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4) YN-prosaposin $111295-YC

When prosaposin anf-111295 (exons 1-7) were cloned downstream of thiePY
fragments, fluorescence was observed throughoutciheplasm (Figure 7.6A).
However, no fluorescence was seen with any othetoveombination (Figure 7.6A)
even though all fusion proteins were expressed. édpeession of full lengtif-11I

spectrin cloned upstream or downstream of YC (Fagui7A) also failed to yield a

fluorescent signal despite the proteins being esgae (Figure 7.7B).
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Figure 7.6 BiFC assay shows amino-terminus of B-lll spectrin and prosaposin interact
in mammalian cells. (A). Left, Schematic representation of the four vector combinations.
Right, Confocal immunofluorescence images of representative HEK 293T cells transfected
with plasmid combinations shown on left. Nucleus stained with DAPI (blue). Bar, 10 um. (B)
Total HEK 293T cell homogenates from the four different vector combinations resolved by
SDS-PAGE and immunoblotted using either anti-GFP antibody that recognises both
carboxy- and amino-terminus of YFP (top panel, fusion proteins indicated) or anti-p38
antibody for protein loading control (bottom panel).
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Figure 7.7 No interaction observed between full-length B-1ll spectrin and prosaposin in
BiFC assay. (A) Left, Schematic representation of the two vector combinations used to
transfect HEK 293T cells. Right, Confocal immunofluorescence images of representative
cells. Nucleus stained with DAPI (blue). Bar, 10 um. (B) Total HEK 293T cell homogenates
from the two vector combinations resolved by SDS-PAGE and immunoblotted using anti-
GFP antibody that recognises both carboxy- and amino- terminus of YFP (fusion proteins
indicated).
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7.2.2.2 B-lll spectrin exon 7 required for protein trafficki ng from Golgi
apparatus

In addition to exons 1-7 @11l spectrin, exons 1-5¢111219), exons 1-6 {-111258),
and L253P exonl-B-Ill spectrin were cloned downstream of YC, the faguration

of the exon 1-7 construct shown to elicit an intdn with prosaposin (vector
combination 1 in Figure 7.6A). The missense muitati@53P B-1ll spectrin was
introduced into the exon 1-7 constructfefil spectrin by site-directed mutagenesis
(refer to section 2.2.4). Co-expression of these Yi€-B-IIl spectrin constructs with
prosaposin resulted in an altered pattern of fleceace, compared to YC-exon 1-7.
The fluorescent signal was no longer observed tiirout the cytoplasm but instead
overlapped with a Golgi marker (Figure 7.8A). Westblot analysis revealed all
proteins migrated at their predicted molecular Wtsig(refer to appendix 2) (Figure

7.8B).

7.2.2.3 Interaction between amino terminusp-lll spectrin and Arpl in
mammalian cells

In contrast to the yeast experiments (Figure 7.8A)jnteraction between Arpl and
the amino terminus d¥-111 spectrin was detected in mammalian cells ushgBIFC
assay, but not with all vector combinations (Figur@A,B and refer to Chapter 6).
Similar to the studies with prosaposin (Figure 7tB¢ fluorescent signal was
observed associated with the Golgi apparatus wkensel-5 and exons 1-6 Bflll

spectrin were coexpressed with Arpl (Figure 7.10@gontrast no fluorescence was
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observed when L253P exon 1-7 was expressed alahgAmpl (refer to Chapter 6
Figure 6.13). Protein expression for all construgts confirmed by Western blot
analysis and all proteins migrated according tartpesdicted molecular weights

(refer to appendix 2) (Figures 6.13B and 7.10B).
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Figure 7.8 Golgi associated fluorescence when B-lll spectrin exon 7 missing or
mutated. (A) Confocal immunofluorescence images of representative HEK 293T cells co-
transfected with YN-Prosaposin and either YC-B-111295 (1), YC- B-111258 (2), YC- B-111219 (3)
or L253P YC B-IlI295 (4). YFP fluorescence (yellow), Golgi marker (green) and nucleus
stained with DAPI (blue). Bar, 10 um. (B) Total HEK 293T cell homogenates from the four
different vector combinations resolved by SDS-PAGE and immunoblotted using either anti-
GFP antibody that recognises both carboxy- and amino-terminus of YFP (top panel, fusion
proteins indicated) or anti-p38 antibody for protein loading control (bottom panel).
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Figure 7.9 Interaction of Arpl with amino-terminus of B-lll spectrin in mammalian cells
using BiFC assay. (A) Left, Schematic representation of the four vector combinations used
to transfect HEK 293T cells. Right, Confocal immunofluorescence images of representative
HEK 293T cells transfected with plasmid combinations shown on left. Nucleus stained with
DAPI (blue). Bar, 10 pm. (B) Total HEK 293T cell homogenates from the four different vector
combinations resolved by SDS-PAGE and immunoblotted using either anti-GFP antibody
that recognises both carboxy- and amino-terminus of YFP (top panel, fusion proteins
indicated) or anti-p38 antibody for protein loading control (bottom panel).
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Figure 7.10 Loss of exon 7 results in Golgi associated fluorescence with Arpl and B-llI
spectrin . (A) Confocal immunofluorescence images of representative HEK 293T cells co-
transfected with YN-Arp and either YC- B-111258 (1) or YC- B-111219 (2). YFP fluorescence
(yellow), Golgi marker (green) and nucleus stained with DAPI (blue). Bar, 10 um. (B) Total
HEK 293T cell homogenates from the two vector combinations resolved by SDS-PAGE and
immunoblotted using either anti-GFP antibody that recognises both carboxy- and amino-
terminus of YFP (top panel, fusion proteins indicated) or anti-p38 antibody for protein loading
control (bottom panel).

7.2.3 Interaction of B-Ill spectrin and prosaposin/saposin Din vivo

Having confirmed the interaction of prosaposin/sap® with the amino terminus
of B-Ill spectrin in both yeast and mammalian cells tiext step was to examine

whether the proteins interacted vivo. Cerebellar mouse homogenates were
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incubated with either rabbit anti-saposin D or cointabbit IgG. After pelleting the
antibody-protein complex with protein A sephards&stern blot analysis confirmed
the coimmunoprecipitation ¢fIll spectrin with anti-saposin D antibody but ribe

control 1gG (Figure 7.11).

Lysate I0G SaposinD

KDa

250— - ) — B-lll spectrin

150—
100—

75— .
50—

Figure 7.11 B-lll spectrin interacts with carboxy-terminus prosaposin/saposin D in
vivo. Mouse cerebellar homogenates immunoprecipitated with antibodies against saposin D
and control rabbit 19G. The resulting precipitates and lystae resolved by SDS-PAGE and
subjected to immunoblot analysis with antibodies against -1l spectrin.

7.2.4 Expression of prosaposin/saposin D reduced urkinje cells of p-Ill -
spectrin mice

The previously reported expression of prosaposifPumkinje cells (Kreda et al.,
1994; Sun et al., 1994) was confirmed by stainiaigeloellar sections with antibodies
against the carboxy-terminus of prosaposin/sapbDsicalbindin D28K, a Purkinje

cell specific marker, and glial fibrillary acidiaqtein (GFAP), an astroglial marker
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(Figure 7.12). Prosaposin/saposin D was found atdolie membrane of Purkinje cell
somas and throughout the dendritic tree. Immunaisigiof cerebellar sections from
young (3-week-old) B-1l" spectrin mice revealed that although saposin
D/prosaposin was still located within the cell boatyd dendritic tree of Purkinje

cells, the intensity of staining was reduced (Fegtir13).

To quantify the total cerebellar levels of prosapssposin D in WT ang-I1l ™"
spectrin mice Western blot analysis was perform&dguprotein homogenates from
young (6-weeks of age) and old (1-year of age) r{itagure 7.14A). An anti-saposin
D antibody, kindly donated by Ying Sun, detectedhbsaposin D (~10 kDa) and
prosaposin (~72 kDa). Quantification of levels @nsitometry, normalized to actin,
revealed that at 6- weeks and 1-year of age theddef saposin D and prosaposin in
B-111 " spectrin mice were not significantly differenttteir WT littermates (6 weeks,
saposin D 91 + 7.9 %; prosaposin 103.8 + 9.0 % df M¥els; 1 year, saposin D
88.3 + 12.3 %; prosaposin 83.5 + 6.6 % of WT leyvElgure 7.14B). There was also
no significant difference in the expression ratddsaposin D to prosaposin in WT

and B-111 7 spectrin mice at the two ages.
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saposinD calbindin merge saposinD GFAP

Figure 7.12 Expression pattern of saposin D/prosaposin in cerebellum. Cerebellar folia VI from 3-week old mice immunostained for calbindin
(red), GFAP (red) or  prosaposin/saposin D (green). Bar, 50 um (top  panel), 20 um (bottom panel).
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A. WT -

Figure 7.13 Reduced prosaposin/saposin D immunoreactivity in B-III"' spectrin mice.
(A) Cerebellar sections from 3-week old WT and B-III'/' spectrin mice immunostained with
anti-COOH-prosaposin/ saposin D antibody (Bar, 50 um (top panel) and 20 um (bottom

panel).
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Figure 7.14 No reduction in prosaposin/saposin D expression in B—III"' spectrin mice at
6-weeks or 1l-year. (A) Total cerebellar homogenates from 6-week and 1-year old mice
resolved by SDS-PAGE and immunoblotted with antibodies against COOH-
prosaposin/saposin D. Actin used as protein loading control. (B) Bands corresponding to
saposin D and prosaposin quantified by densitometry, normalised against actin and
expressed as percentage of WT levels at 6-weeks and 1-year of age. All data are given as
means + SEM (N = 3 for each geneotype).

7.2.5 Normal kidney morphology ing-Ili 7 spectrin mice

Matsuda et al (2004) revealed that loss of sapDsiasults in ataxia and Purkinje
cell loss but the other finding was that the sapd3l” mice develop renal tubular
degeneration. Western blot analysis confirnfetll spectrin is expressed in the
kidney but at a much lower level compared to cdheive (Figure 7.15A). To
investigate whethes-111 " spectrin mice developed any kidney pathology, Isintd
saposin O mice, kidney sections from 1-year-old mice weraingd with
hematoxylin and eosin (H&E). This revealed the ghomh were healthy and there
was also no sign of renal tubular degeneratiof-iit ¥ or p-1l1"" spectrin mice
(Figure 7.15B). Western blot analysis and quardiian by densitometry showed no

significant difference in levels of saposin D oogaposin in the kidneys of 6-week-
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and 1l-year-old animals (6 weeks, saposin D 11212 %o; prosaposin 108.3 £ 11.3
% of WT levels; 1 year, saposin D 101 £ 15.2 %;spposin 104 + 10.8 % of WT
levels; Figure 7.15C,D). There was also no sigaiftcdifference in the ratios of

saposin D to prosaposin in WT apidil  spectrin mice at the two ages.
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Figure 7.15 No renal pathology observed in B-III"' spectrin mice. (A) Homogenates from
cerebellum (C; 10 pg) and kidney (K; 90 pg) resolved by SDS-PAGE and immunoblotted
with antibody against B-lll spectrin. (B) Sections from kidneys of 1-year-old WT,
heterozygous and homozygous [-lll spectrin deficient mice stained with H&E. (Arrow,
glomeruli; arrowhead, renal tubule; Bar, 50 um). (C) Kidney homogenates from 6-week- and
1-year-old mice resolved by SDS-PAGE and immunoblotted with antibodies against COOH-
prosaposin/saposin D. Actin used as protein loading control. (D) Bands corresponding to
saposin D and prosaposin quantified by densitometry, normalised against actin and
expressed as percentage of WT levels. All data are means + SEM (N = 3 for each genotype).
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7.2.6 Confirmation that clathrin light chain 1 interacts with B-IIl spectrin

7.2.6.1 Quantification ofp-galactosidase activity in retransformed yeast

The other protein identified in the yeast two-hgbrscreen that was further
investigated was clathrin light chain 1 (CLC1).dEithe interaction was confirmed
by measuring3-galactosidase activity in Y190 cells transformeihvihe rescued
plasmid pACT-97 and pGBKTB-IlInt295 (Figure 7.16A). Then to narrow down
the region of interaction other bait constructs evesed [exons 1-53(Int219),
exons 1-6 [§1lint258), exon 6 — amino acid 85BI(1220-851) and exon 7 — amino
acid 851-111 spectrin 111259-851)] (Figure 7.16A). Western blot analysisyeast
extracts confirmed all myc-tagged bait and HA-tahpesy proteins were expressed
and migrated according to their predicted molecul@ight (Refer to appendix

2)(Figure 7.16B).

To identify which region of CLC1 interacted withans 1-7 off-1ll spectrin, three

shorter CLC1 products were generated by Ms Yu Cligrg374 bp (CLC374), 375
— 746 bp (CLC375-746) and 246 — 500 bp (CLC246-50&er to section 2.8.6)
(Figure 7.17A). Western blot analysis confirmedt thihbait and prey proteins were
expressed and migrated according to their prediatetecular weights (Refer to

appendix 2) (Figure 7.17B).
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Figure 7.16 Interaction of clathrin light chain with amino terminus B-lll spectrin
requires exon 7 and downstream protein sequence. (A) B-galactosidase activity of yeast
expressing GAL4(AD)-CLC and either GAL4 (BD)- BllInt295, GAL4(BD)-BI1Int851 or deletion
GAL4(BD)-baits and quantified using OPNG liquid assay. (B) Protein extracts from
transformed yeast resolved by SDS-PAGE and immunoblotted with antibodies against myc-
epitope (bait) and HA-epitope (prey).
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Figure 7.17 Full length clathrin light chain 1 may be important for interaction with
amino-terminus B-lll spectrin. (A) Schematic representation of prey proteins used to
narrow down region of interaction. B-galactosidase activity quantified using OPNG liquid
assay. (B) Protein extracts from transformed yeast resolved by SDS-PAGE and
immunoblotted with antibodies against myc-epitope (bait) and HA-epitope (prey).

7.2.6.2 Interaction between clathrin light chain ad amino-terminus -I1lI
spectrin in mammalian cells

An interaction between the amino terminugdfl spectrin and CLC1 was observed
with every vector configuration of the BiFCc assalfhough the level of fluorescent

signal varied depending on the vector combinatiBigure 7.18A). Western blot
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analysis revealed a lower level @l spectrin fusion protein in cells with weaker

fluorescence (Figure 7.18B).

The otherB-IIl spectrin constructs (exons 1-5, exons 1-6 &RB3P B-11l spectrin)
were used to determine the effect mutating or psron 7 had on the cellular
distribution of fluorescent signal (refer to senti@.2.2.2). As before fluorescence
was no longer seen throughout the cytoplasm buéadsfound to overlap with a
Golgi marker (Figure 7.19A). Western blot analysmnfirmed all proteins were

expressed (Figure 7.19B).

164



CHAPTER 7 IDENTIFICATION OF PROTEINS THAT INTERACWITH THE
AMINO TERMINUS OF-IIl SPECTRIN

=
ZeO0|
+

o
YC-B-lll spectrin

BspH BspE

Xbal Xbal

Notl

Clal Clal

Notl

w
.

Bsp H

{

Clal

Xbal

BspH

Xbal

B.

Kba 1 2 3 4

55— - .
h “ — Clathrinlight chain

43— ml | — B-llispectrin

p38|—..__..—..ﬁ

Figure 7.18 B-lll spectrin and clathrin light chain 1 interact in mammalian cells using
BiFC assay. (A). Left, Schematic representation of the four vector combinations used to
transfect HEK 293T cells. Right, Confocal immunofluorescence images of representative
HEK 293T cells transfected with plasmid combination shown on left. Nucleus stained with
DAPI (blue). Bar, 10 um. (B). Total HEK 293T cell homogenates from the four different
vector combinations resolved by SDS-PAGE and immunoblotted using either anti-GFP
antibody that recognises both carboxy- and amino-terminus of YFP (top panel, fusion
proteins indicated) or anti-p38 antibody for protein loading control (bottom panel).
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Figure 7.19 Discrete localisation of fluorescence in BiFC assay when B-lll spectrin
exon 7 is missing or mutated. (A) Confocal immunofluorescence images of representative
HEK 293T cells co-transfected with YN-CLC1 and either YC-B-111295 (1), YC- B-111258 (2),
YC- B-111219 (3) or L253P YC B-111295 (4). YFP fluorescence (yellow), Golgi marker (green)
and nucleus stained with DAPI (blue). Bar, 10 um. (B) Total HEK 293T cell homogenates
from the four different vector combinations resolved by SDS-PAGE and immunoblotted using
either anti-GFP antibody that recognises both carboxy- and amino-terminus of YFP (top
panel, fusion proteins indicated) or anti-p38 antibody for protein loading control (bottom
panel).
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7.3 Discussion

The results of a yeast two-hybrid screen, identdyprosaposin/saposin D and CLC1
as potential interacting partners with the aminmoateus of B-Ill spectrin, are
presented in this chapter, along with cellular amd vivo analyses of
prosaposin/saposin D. Both interactions (prosapemposin D and CLC1) were
confirmed in yeast and mammalian cells, and althoag previously reported
interaction offf-11l1 spectrin with Arpl (Holleran et al., 2001) wast detected in the
present yeast two-hybrid screen it was observetjube BiFC assay. The reason for
the lack, in the present study, of an interactiogeast is not known, as although the
bait used here in the initial screen was shortenpgared to that used by Holleran et
al. (2001), there was still n@-galactosidase activity observed even when theefarg
bait (@l11-1-851) used by Holleran et al., (2001) was sfammed with Arpl.
Nevertheless, the results from the yeast two-hyand BiFC assays revealed that,
for all interactions studied, exon 7 @Il spectrin was required fgs-galactosidase
activity and a fluorescent signal throughout thi, cespectively. Deletion of exon 7
resulted in no-galactosidase activity in yeast, indicating no tewo-protein
interaction, while the YFP fluorescent signal ire tBiFC assay was no longer
throughout the cell, but instead was found assediavith the Golgi apparatus,

suggesting a change to the cellular distributiothefproteins.

It was shown in chapter 6 that the interactionpetl spectrin with Arpl was

completely lost in the BIFC assay when the missens&ation L253P associated
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with SCA5 was introduced. In contrast the intex@actvith prosaposin/saposin D and
clathrin light chain was still observed with L253Byt the fluorescent signal was
only localised to the Golgi apparatus, similartie studies when exon 7 was deleted.
Taken together the data suggest that the inabdityL253P to interact with
endogenous Arpl prevents the normal traffickingnfrine Golgi apparatus @klll
spectrin and proteins that interact with it. Furthere, exon 7 appears to be required
for movement away from the Golgi apparatus. Withard to the negative results
obtained from the yeast two-hybrid assay, whichamearently contradictory to the
BiFC assay results, it may be that these arosealtee inability of proteins to reach
the nucleus and activate tBegalactosidase reporter gene rather than the coenple

loss of a protein-protein interaction.

The importance of protein conformation in the BiB&€say was highlighted in this
study by the fact that for prosaposin and the arenminus ofp-Ill spectrin a
fluorescent signal was only observed for one of ftng possible fusion protein
configurations. Only when both YFP fragments wargefl to the amino-termini of
the two proteins was a fluorescent signal obserf@dall other combinations it
would appear the location of the YFP fragments natsoptimal for interaction of
the two halves. The lack of a fluorescent signaémvkull-lengthp-Ill spectrin was
co-expressed with prosaposin is also likely to be © structural interference due to
the large size of-11l spectrin, preventing the two YFP fragments @ogninto close

opposition with one another. In contrast full-lem@tIll spectrin was shown by
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coimmunoprecipitation to interact with prosaposaposin Dn vivo, demonstrating
a physiological interaction. However, although &ewxas substantially reduced
immunoreactivity of prosaposin/saposin D in Purkicplls ofp-111 " spectrin mice
compared to age-matched littermates, no differemexpression levels was detected
by Western blot analysis. Therefore it is still ra¢ar whether there is a loss of
saposin D or prosaposin falll ” spectrin mice that could play a role in the obsdrv
ataxic phenotype. However, from the fact no abnérkidney morphology was
observed irB-1ll~ spectrin mice, unlike saposin’Dmice which develop renal tubule
degeneration and hydronephrosis (Matsuda et ab4)20 would appear thd-Ill

spectrin is not required for normal kidney morplgylo

With respect to CLCL1 it appears that full length@lLis required for an interaction
with B-Ill spectrin, but due to a lack of both time arediable antibodies against
CLC1, no studies were able to be performed to conéin interaction between the

two proteingn vivo.

7.3.1 Role for saposin D loss in Purkinje cell degeration

Prosaposin is the precursor of four sphingolipitivator proteins (saposins A, B, C
and D, all about 80 amino acids), which are reguioe the hydrolysis of a variety of
sphingolipids (O'Brien and Kishimoto, 1991; Kishitncet al., 1992). Each saposin

on its own is catalytically inactive but they irdet with a specific glycosphingolipid
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hydrolase or a membrane-bound sphingolipid, enhgnleydrolytic activity. In fact
studies of human disorders of specific saposincazfcies and work with specific
saposin knockout mouse models has revealed losspairticular saposin, in both
human and mouse, elicits effects very similar toséh caused by lack of the
equivalent hydrolase, resulting in severe neurchgiefects (Matsuda et al., 2001;
Matsuda et al., 2004; Kolter and Sandhoff, 2005e&qd et al., 2005). Saposin B
deficiency leads to an accumulation of sulfatided globotriaosylceramide and a
metachromatic leukodystrophy-like disease, whessgmosin C deficiency leads to
glucosylceramide accumulation and a Gaucher-likeeatie and the saposin A-
deficient mouse is defective in the degradationgalactosylceramide, modelling
late-onset Krabbe disease. In humans (Harzer etl@89; Hulkova et al., 2001;
Elleder et al., 2005) and mice (Fujita et al., 9% loss of prosaposin and
consequently all four saposins results in a sevaygdly progressive neurological
disease and the accumulation of multiple sphingddijn the brain and other organs.
Taken together these studies highlight the impeodasf prosaposin and the saposins

in the nervous system.

In the case of saposin D there are no reporteds ads#eficiency in humans but from
in vitro studies it is thought saposin D activates the atsfion of sphingomyelin
and ceramide, with the latter considered to bepteeominant substrate (Morimoto
et al.,, 1988; Azuma et al., 1994; Vaccaro et a®95). Thisin vitro work is

corroborated by the fact that ceramides, partiquldwose containing hydroxyl fatty
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acids (HFA), were found to accumulate in the cdtebe of saposin D knockout

mice (Matsuda et al., 2004). One hypothesis, tbesefwas that ceramide
accumulation, due to loss of saposin D in BBl "~ spectrin mice, was toxic and
played a role in the observed Purkinje cell degatimr and ataxic phenotype
(Perkins et al., 2010). Interestingly, in sapositKO mice the loss of Purkinje cells
occurred in a striped pattern with the majoritysofviving Purkinje cells being found

in zebrin Il positive bands (Matsuda et al., 20(phingosine kinase 1 (SPHK1)
phosphorylates sphingosine, the product of ceramelgadation, to sphingosine 1
phosphate (S1P) and this enzyme is found at higglden zebrin Il positive bands
(Terada et al., 2004). Therefore, the relative lewé S1P and ceramide in Purkinje
cells may determine whether a cell survives or.dtas not yet known whether there

is also a patterned loss of Purkinje cell§itl " spectrin mice.

However, from the present work it is unclear whetlbgels of saposin D are altered
in B-Il"" spectrin mice and hence might play a role in tieease phenotype.
Confocal immunofluorescence studies, which canrsiingiuish between prosaposin
and sapsoin D, show apparently decreased immurtivigai B-1l17" spectrin mice
compared to WT, but Western blot analysis showedchange in levels of
prosaposin or saposin D. One possibility is thiéhoaigh the confocal images of WT
andp-11l "~ spectrin mice were captured using the same ssitiifferences in tissue
quality or membrane integrity, rather than protkswels per se may give rise to

different intensities of staining. On the other thathe fact that total cerebellar
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homogenates were analysed by Western blotting qoeldude the detection of any
change in protein levels confined to Purkinje ¢edisce high levels of expression
have also been detected in granule cells and Bengrgha (O'Brien et al., 1995;
Matsuda et al., 2004; M Jackson unpublished dat&)rther factor may be antibody
variability, since a number of antibodies agairagiasin D/prosaposin were initially
tested and that supplied by Ying Sun was the ong/to detect what was considered
to be full length prosaposin and saposin D. Howetlee fact all four antibodies
detected different sized proteins and showed vanatfrom one another in protein
distribution within the cerebellum suggests theraynbe issues with regard to
antibody cross-reactivity. Another result which reseto conflict with the Western
blotting data fronB-111”" spectrin mice is that from the BiFC assay, whéseugtion

of correct cellular trafficking of prosaposin fraime Golgi apparatus by alterifiglll
spectrin (in this case as a consequence of thevanod exon 7) is indicated. This
finding would suggest that the proportion of prassip converted to saposin D
should be reduced when trafficking is disruptedcsithe conversion to saposin D
occurs in the lysosomes, a downstream destinafioonreectly trafficked prosaposin.
Instead the Western blotting results indicated ifter@nce in the proportions of
prosaposin and saposin D Pl spectrin mice compared to WT, although
disrupted vesicular trafficking from the Golgi iaggested by transmission electron
microscopy (TEM) data from th@-lll” spectrin mice (Perkins et al. 2010).
However, inp-Ill”~ spectrin mice the protein still expressed doeseas exon 7

(exons 1-6 are missing), perhaps explaining théerdihce. Additional work is
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required before any firm conclusions can be madmreng the involvement of

saposin D in the Purkinje cell degeneration obskim@-111 " spectrin mice.

7.3.2 Role for prosaposin in Purkinje cell survival

Prosaposin, although not important in the hydrslydisphingolipids, is not simply a

precursor protein but is found at high levels iae brain and muscle, unlike saposins
which are ubiquitously expressed (Sano et al., 19880 et al., 1989; Hineno et al.,
1991; Kishimoto et al., 1992; Sano et al., 199Zakkia et al., 1993; Kreda et al.,

1994; Sun et al., 1994; Sun et al., 2000). It sutht prosaposin functions as a
secretory protein (Sylvester et al., 1989; Hinehale 1991; Kondoh et al., 1991;

Hiraiwa et al., 1992; Hiraiwa et al.,, 1993) or as iategral membrane protein

mediating the transfer of gangliosides across mamds (Rijnboutt et al., 1991). In

cultured neuronal cells, gangliosides have beewsho promote neurite outgrowth

(Tsuji et al., 1983; Schengrund, 1990) and thegrasving evidence to support a role
for prosaposin in neurite outgrowth, nerve reget@maand neuroprotection (O'Brien

et al., 1994; Kotani et al., 1996a; Tsuboi etE98; Calcutt et al., 1999).

Furthermore, thé vitro andin vivo neurotrophic properties of prosaposin have been
narrowed down to a 21 amino acid linear sequentledaramino-terminus of saposin
C (O'Brien et al., 1995; Qi et al., 1996; Qi et 4999). Prosapeptides, comprising
this neurotrophic sequence, have been generatedfoamdl to stimulate neurite

outgrowth and choline acetyl transferase actiuityitro and prevent neuronal cell
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death induced by serum deprivation (O'Brien et H995; Campana et al., 1996;
Hiraiwa et al., 1997; Campana et al.,, 1998). Furttoee both prosaposin and
prosapeptides were found to prevent apoptosis rebedlar granule cells (Tsuboi et
al., 1998), Schwann cells (Campana et al.,, 1998)hemia induced death of
hippocampal neurons in gerbils (Sano et al., 19Gtani et al., 1996b) and rats
(Igase et al., 1999) and mediate sciatic nervenemggion (Kotani et al., 1996a). The
method of action may be a direct one on the neuiamelving ERK and P13K/Akt

signalling and reduced phosphorylation of streswated protein kinases (Ochiai et
al., 2008) or it may act on glia preventing celatieby increasing sulfatide content
(Hiraiwa et al., 1997; Campana et al., 1998). Tlees it is feasible that changes to
prosaposin levels or cellular distribution could/d@@n important role in Purkinje cell
survival. The effect of prosapeptides on the suwvand morphology of dissociated
cultured B-111”"~ spectrin Purkinje cells could address whetherss lof prosaposin

plays a role in the loss of Purkinje cellspiill  spectrin mice. It may also be worth
investigating whether the phosphorylation of ARtiK] p38 and ERK are altered in
B-11l " spectrin mice compared to WT animals to deterrifisgnalling downstream

of prosaposin is altered. In addition a number tfdies have revealed that
alternative splicing is important in the sorting pfosaposin with an isoform

possessing three extra residues (gin-asp-gin) s@oeted and the isoform lacking
the short exon 8 being targeted to lysosomes fateplytic digestion (Igdoura et al.,

1996; Madar-Shapiro et al., 1999). It may be thatd are differences in the levels of

the two isoforms -1l spectrin mice compared to WT littermates.

174



CHAPTER 7 IDENTIFICATION OF PROTEINS THAT INTERACWITH THE
AMINO TERMINUS OF-IIl SPECTRIN

7.3.3 Role for clathrin light chain 1 in neurodegearation

Although clathrin coated vesicles were isolatedydars ago (Kanaseki and Kadota,
1969) and their role in endocytosis and intracatlgrotein trafficking has been well

studied (Kirchhausen, 2000; Brodsky et al., 200dtir-et al., 2004; Robinson,

2004), the exact function of the two light chaissiot yet known. However, studies
from yeast indicate that light chains are importimtthe olgomerization of heavy

chains (Chu et al., 1996; Huang et al., 1997) asetltlathrin heavy chains each
associate with a light chain and form a triskel{&rchhausen and Harrison, 1981;
Ungewickell and Branton, 1981; Blondeau et al.,£0Birard et al., 2005). Adaptor

proteins (AP) then link the clathrin coat to tramsnibrane cargo molecules
(Kirchhausen, 2000; Nakatsu and Ohno, 2003; Oweal.eP004; Robinson, 2004)

with each AP involved in a distinct transport pastywithin the post-Golgi and/or

endocytic network. For example, AP-2 regulates flrenation of clathrin coated

vesicles during endocytosis (Nakatsu and Ohno, 2@3%en et al., 2004; Traub,

2005) whereas AP-4 regulates the formation of Wesitom the trans-Golgi network

to lysosomes (Aguilar et al., 2001).

Previously the huntingtin-interacting protein (H)Pand HIP1-related protein
(HIP1R), two actin-binding endocytic proteins, wéoend to interact with clathrin
light chains (Bennett et al., 2001; Enggvist-Gaddset al., 2001; Henry et al., 2002;
Legendre-Guillemin et al., 2002). Therefore, defaat clathrin coat formation and

downstream effects on vesicular trafficking, a @nsence of altered light chain
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activity, may be a factor in neurodegeneration.ti@ia-mediated endocytosis was
indeed found to be disrupted when HIP proteins wieqdeted by RNA interference,
with glutamate receptors being one cargo that daile be correctly recycled,
consequently affecting glutamatergic neurotransonisgKaksonen et al., 2003;
Metzler et al., 2003; Engqvist-Goldstein et al.02p Similarly the knockdown of
clathrin light chain 1 was shown to result in theslocalisation of HIP1R, the over
assembly of actin, disruption to protein traffiokiat the trans-Golgi network and an
increase in endosome-targeted cargo, possibly aegoence of vesicles being
trapped in an excessively stable actin network [Rey al., 2005). Therefore it is
apparent that interfering with the expression att@ns involved in the formation of
clathrin coats has detrimental effects on vesictrmsport. Of note, the trafficking
of prosaposin, the other binding partnedtl spectrin, from the Golgi apparatus to
lysosomes, was found to be disrupted when the itewent of clathrin to transport
vesicles was prevented by expression of mutanttadapoteins (Hassan et al.,

2004).

In this study, using the BIiFC assay, the normdutasl trafficking of CLC1 appears
to be dependent ofs-1ll spectrin, with the proteins remaining asscethtwith the
Golgi apparatus, rather than distributed througtbatcytoplasm, when mutant or
truncated forms of the amino terminus®fll spectrin were expressed. A potential
link between clathrin and the spectrin-actin cywston was already proposed based

on the fact the D4 region of ankyihbinds with high affinity to the amino terminus
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of clathrin heavy chain (Michaely et al., 1999). &trerp-Ill spectrin interacts with
one or more ankyrin isoforms still needs to be stigated but ankyrin R, initially
identified in the erythrocyte membrane (Bennett &tdnbuck, 1979), is found
throughout the cell body and dendritic tree of Fhyekcells (Lambert and Bennett,
1993) and therefore possesses the same cellutebdi®n asp-1ll spectrin, making

it a possible candidate. In contrast, ankyrin Glises to the axon initiation segment
(AIS) and nodes of Ranvier where it has been shtoviinteract with sodium
channels an@-IV spectrin (Zhou et al., 1998; Berghs et al., 200enkins and
Bennett, 2001; Komada and Soriano, 2002). The flaat clathrin was recently
shown to play a role in the correct sorting of baswal proteins in epithelial cells
(Deborde et al.,, 2008) does raise the question hehethe CLCI1B-IIl spectrin
interaction plays an important role in the selettmd targeting of correct cargo to

dendrites?

7.3.4 Conclusions

Two proteins, prosaposin/saposin D and CLC1, ifiedtiin a yeast two-hybrid

screen as interacting with the amino-terminug3afl spectrin were confirmed as

binding partners in yeast and mammalian cells amwdpfosaposin/saposin D the
interaction was further confirmenh vivo. The identification of these proteins as
interactors provides further evidence tifiatll spectrin plays important roles in

protein trafficking and that defects to the tranmspd proteins within the Purkinje

cell dendritic tree may be critical features of J#athogenesis.
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8.1 Summary of findings

In summary, the work carried out in this thesisgasggs that loss d3-1ll spectrin
underlies SCA5 pathogenesis and that the muta@sssciated with disease have
dominant-negative effects on wild tygell spectrin function. Furthermore the work
presented here confirms a role fatll spectrin in vesicular trafficking and reveals
that one mutation associated with SCA5 (L253P)riates with protein transport
from the Golgi apparatus. The deleterious effectotifer disease causirglll
spectrin mutations was not obvious from the workied out in this study, but all
the data obtained to date would suggest that Idssne@mbrane proteins, as a
consequence of defects either in protein transpoit protein stabilisation at the

membrane, is an important aspect of SCA5 pathoge(iEgure 8.1).

The results presented here framvitro experiments demonstrated that the truncated
form of (-1l spectrin (A2-6 (-1l spectrin), expressed at a low level in uB}eII"'
spectrin mouse, had no obvious adverse propehiidsin fact appeared to be less
functional than WTB-III spectrin inferring that the-11l "~ spectrin mouse could be
considered a functional knockout (hypomorph). Tfeee because the animals
developed progressive motor deficits and cerebdib@eneration, it was concluded
that a loss of3-1ll spectrin function recapitulates the clinicaatures of SCAS5. In

contrastB-III*" spectrin mice showed no signs of an ataxic ph@egptgven at 2
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years of age, arguing against haploinsufficiencyaasausative mechanism and
instead pointing towards the mutationg#il spectrin possessing dominant negative

effects on WTB-III spectrin function in addition to lacking norifanction.

Stabilisation at glutamatergic synapse

dendriticspine
EAAT4

spectrin

Bergmanrglia

< Parallel -fibre

Stabilisation at cell soma

Vesicular trafficking

. spectrin
dynein P

dynactin

microtubule

Figure 8.1 Schematic diagram of B-lll spectrin function.

Cell culture studies were able to identify a dominaegative effect of one mutation,
the L253P missense mutation within the calponin dlogy domain of3-11l spectrin.
Expression of L253M-1ll spectrin in two mammalian cell lines, HEK 293nd
Neuro 2a cells, revealed an abnormal cellular lsaabn compared to that of WT.

The L253P mutant protein appeared to remain adsocigith the Golgi apparatus,
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rather than the plasma membrane, and furthermdeefened with the cell surface
expression of WTB-IIl spectrin and other membrane proteins. Theitgbdf p-11I
spectrin to interact with Arpl, a subunit of thendgtin-dynein complex, was also
lost by the substitution of leucine 253 by prolifidais finding revealed how a link
between the microtuble motor dynein ghtll spectrin could be lost, accounting for
the observed defects in vesicular protein traffigkiThe fact that incubation at a
lower temperature (25°C) rescued both the intesactivith Arpl and protein
trafficking defects suggested that a conformatiathefiect was responsible for the
dominant-negative effect of L253P. But, despite ifeacellular accumulation of
proteins in cells expressing L253RIIl spectrin, there was no evidence for the
induction of the unfolded protein response in celture or in-11l 7~ spectrin mice,
indicating that the actual loss of proteins frora thembrane was more important in

initiating cell death than the accumulation of this-trafficked proteins.

Finally, a yeast two-hybrid screen identified pmssin and/or saposin D (a
neurotrophic factor and a protein involved in thegihdation of ceramide,
respectively) and clathrin light chain 1 (componehtlathrin lattice) as interactors
of B-1ll spectrin. Both interactions were confirmednrammalian cells using a BiFC
assay and for prosaposin/saposin D further coradlwor was obtained fronm vivo

studies. Despite a reduced immunoreactivity of @posin/saposin D ig-lll""

Purkinje cells compared to WT no difference in lta@rebellar protein levels was

observed by Western blot analysis. It thereforeaiesmuncertain whether a loss of
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saposin D or prosaposin underlies some aspecteqgdttenotype observed alll 7

spectrin mice.

8.2 Outstanding questions

8.2.1 How are theB-11l spectrin mutations associated with SCA5 pathognesis?
Work presented in this thesis has begun to shéd déig the pathogenic mechanism
of the L253P missense mutation, with over expr@ssianammalian cells revealing
a defect in protein trafficking and inability tot@mact with Arpl, one subunit of the
dynactin-dynein complex. However, in this study tbver expression of other
mutations associated with SCA5 revealed no obvididierence in the cellular
distribution compared to WPB-1ll spectrin. Unpublished work using the yeast-two
hybrid system has suggested that the Lincoln nara{d39 bp) reduces the
interaction betweer-Ill spectrin and p150°? (another subunit of the dynactin
complex) while the French mutatioAl5 bp + R634W) increases the interaction
betweenp-Ill spectrin ando-Il spectrin (LPW Ranum, personal communication).
Therefore alterations in the balance of proteirerattions involved in vesicular

trafficking may be an important aspect of disease.

Two transgenic mouse models, expressing huidh spectrin harbouring the
Lincoln mutation, were also generated by Dr. Raramd colleagues to elucidate
disease-causing mechanisms. One model is a camalitipansgenic mouse that

expresses an untagged form of hurd®9 bp[-1ll spectrin whereas the other is a
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transgenic that constitutively expresses a FLAGag version of the mutant
protein. Both mutant transgenic lines were foundoéo slightly impaired on the
rotarod but no Purkinje cell loss was observeditimee line (LPW Ranum, personal
communication). The mild phenotype and lack of beliar degeneration is in strong
contrast to that observed in tBell ” spectrin mice (Perkins et al., 2010), but based
on the results reported in this thesis, that a los$-1ll spectrin function and
dominant negative effects underlie disease pathesienthe fact that a high level of
expression was not obtained for either transgen&l@xplain why a mild phenotype
was observed. Without sufficient knockdown of erslogusp-IIl spectrin function
by the mutant protein a disease phenotype wouldbeobbtained. This potential
problem with regard to expression levels in tranggeice raises an important issue
as to what type of animal model is best for theuritstudy of pathogenic
mechanisms in SCA5. In many respects knock-in mouséels would be the most
appropriate system, as they would simulate the Inusinease more closely, with one

endogenous allele being mutated.

8.2.2 What role do glutamate transporters play in Brkinje cell survival?

The analysis of botf-IIl”~ and p-111 "~ spectrin mice has revealed that a loss of
EAAT4 and GLAST, the two predominant glutamate $gorters in the cerebellum,
correlates with Purkinje cells undergoing dark c#digeneration and an ataxic
phenotype, suggesting that reduced glutamate uptaikebe an important factor in
Purkinje cell dysfunction and degeneration. Infiltere the generation of additional

genetically modified mice could provide further igigs into the role of EAAT4
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and/or GLAST in SCAS disease onset and progres3iba.abolition of EAAT4 or
GLAST expression in mice heterozygous for the lo§sB-Ill spectrin @-111""
IEAAT4A™ or B-IIl IGLAST™) should reveal whether the loss of GLAST or EAAT4
is sufficient to cause disease in what should bgnptomatic mice. Similarly,
determining whether the phenotype fofll ™ spectrin mice is emphasised by the
early and complete loss of GLAST will address whketkevels of GLAST are
important in disease progression. Finally the @peatof a double glutamate
transporter knockout mouse (EAATMSLAST') will address which, if any, aspects
of the -1l1"" spectrin mouse phenotype are due to the loss #&fTBAand GLAST.
The fact that no severe phenotype has been reprteither EAAT4 (Huang et al.,
2004) or GLAST (Watase et al., 1998) knockout mighcates that the loss of one
transporter can be compensated for by the othertamdy only be when both are
lost that a disease phenotype manifests itsels Wauld be consistent with analysis

of thep-I1l "~ spectrin mouse (Perkins et al., 2010).

8.2.3 Is a subpopulation of Purkinje cells more vulerable to cell death?

Although Purkinje cell degeneration is a hallmafkSCAs a number of mouse
studies have highlighted that the pattern of nealrdass is often not uniform

throughout the cerebellum with some regions ofscbking preserved (Sarna and
Hawkes, 2003). EAAT4, like sphingosine kinase efréo section 7.3.1), is one of a
handful of proteins known-to-be differentially erpsed in distinct Purkinje cell

populations and has been shown to correlate witteno@d neuroprotection (Welsh

et al., 2002; Sachs et al., 2009). It will be woitlestigating whether if-111"
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spectrin mice a specific Purkinje cell populatieninitially more susceptible to or
protected from degeneration and determine wheth®ATE, GLAST and/or

prosaposin/saposin D levels correlate with thectieley.

8.2.4 Which sodium channel subunit is involved in SA5 pathogenesis?

Although not mentioned in this thesis, work frone thackson lab has also shown that
sodium currents from acutely dissociated Purkirgeirons are reduced il ™
spectrin mice (Perkins et al., 2010). Furthermdne, decrease in sodium currents
likely underlies the two-fold reduction observedthe spontaneous firing rate of
Purkinje cells lacking3-1ll spectrin (Perkins et al., 2010), since sodighrannels
along with potassium channels are essential forstistained high-frequency tonic
firing of Purkinje cells (Raman and Bean, 1999; ®aet al., 2006; Zagha et al.,
2008). Genetic defects for several other SCA swggtyiesult in loss of ion channel
function associated with ataxia in humans (Browhal.e 1994; Ophoff et al., 1996;
Zhuchenko et al., 1997; Waters et al., 2006). Thialso reflected in mice lacking
various ion channels (Sausbier et al., 2004; Akemeamd Knopfel, 2006; Levin et
al., 2006; Walter et al., 2006), suggesting thatdhserved loss of sodium currents in
B-1Il " spectrin mice may be an important factor in disepathogenesis. Further
work to determine the role of sodium channel dysfiam in SCA5 is required as a
patient with cerebellar atrophy and ataxia has eand to have a mutation in the
gene encoding N&.6 (Trudeau et al., 2006), one of the two soditmanoel alpha-
subunits (Ngl.1 and Ngl.6) expressed in the cell body and dendritic toée

Purkinje cells (Kalume et al., 2007). Additionaligence to support an interaction
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betweenf spectrin, sodium channels and ataxia comes froatysis of thep-1VvV
spectrin  knockout mouse, which develops progressatexia and shows
mislocalisation of voltage gated sodium channeld@h the AIS and nodes of
Ranvier (Parkinson et al., 2001; Komada and Sori2002). TheB-III"' spectrin
mouse will be a useful tool in identifying whethsrdium channel subunits are lost
and/or redistributed in the absence3dtl spectrin. Subsequently, the effect {hdll
spectrin mutations associated with SCA5 have on tth#ficking, cell surface
expression and activity of the subunits identifeibeing altered if-11l "~ spectrin
mice will reveal whether sodium channel dysfunctisran important aspect of the
human disease. Finally, it is well documented that various isoforms of ankyrin
(R, G, B) link transmembrane proteins such as sondalnannels to the spectrin
skeleton (Zhou et al., 1998; Jenkins and Bennéf@il2Komada and Soriano, 2002)
and so the expression and cellular distributiosuath adaptor proteins could also be

examined irp-111 "~ spectrin mice as potential factors in diseasequathesis.

8.3 Common mechanisms in neurodegeneration

As detailed in section 1.6, the identification @/Aassociated genes has enabled the
pathogenic mechanisms of some SCAs to be investigasing animal and cell
culture models. This has led to several hypothdssiag suggested as to the
mechanism(s) of Purkinje cell death, including pmotaggregation (consequence of
trinucleotide repeat expansion or proteolytic chgey of mutant proteins), alterations
in C&" homeostasis, defects in vesicle trafficking, ghese-mediated

excitotoxicity, impaired protein degradation/unfedd protein response and
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interference with gene transcription (reviewedDué¢nas et al., 2006)). One or more
of these pathways have been linked to the pathegené other neurodegenerative
disorders, including Alzheimer’s (Stokin et al.,08), Huntington’s (DiFiglia et al.,
1997; Sapp et al., 1999; Li et al., 2000; Trettedle 2000; Li et al., 2001; Lee et al.,
2004), ALS (Rothstein et al., 1992; Rothstein et H95; Shaw et al., 1995; Bruijn
et al., 1997; Zhang et al., 1997; Lin et al., 1998lliamson and Cleveland, 1999;
Howland et al., 2002; Ligon et al., 2005), spinaldabulbar muscular atrophy
(SBMA) (Piccioni et al., 2001) and epilepsy (Tanaiaal., 1997; Sepkuty et al.,
2002) highlighting the convergence of disease nm@sh@ in neuronal cell death.
With respect to this study, glutamate-mediated texaxicity and defects in protein
trafficking are two mechanisms convergent with otheurodegenerative diseases
identified as being important in SCA5, whereas uhélded protein response was

not found to play a role in pathogenesis here.

8.4 Conclusions

The present work has demonstrated thatd? (-1l spectrin protein doesn’t have
any toxic gain of function, confirming thg!ll " spectrin mouse to be a functional
KO. Behavioural analysis demonstrated that thes® rekhibit a phenotype similar
to that of SCAS patients. Furthermore, haploinsigficy was ruled out as a disease
mechanism by analysis of heterozygoell{*") mice, while a dominant negative
effect of a human SCA5 mutation (L253P) on \§-TlI spectrin was demonstrated,
leading to disruption of protein trafficking fronhe Golgi apparatus. Finally, new

interactions of3-1ll spectrin with prosaposin/saposin D and clatHight chain were
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found, providing new avenues for further reseansto iISCA5 pathogenesis. In
conclusion, this work has demonstrated that SCASawosomal dominant disease,
results from a loss oB-lll spectrin function and furthermore the loss ather
proteins, either through disruption to vesiculaafficking or stabilisation at the

membrane, appear to be important factors in diseaib®genesis.
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APPENDIX 1 PRIMER SEQUENCE AND PCR

CONDITIONS
PCR Product Forward Reverse PCR Figure
Description Primer Primer conditions
B-11l spectrin | Name - 5BD | Name - Annealing 3.2
exons 1+7 Sequence — Revexon7 temp, 54°C
(Bait in TCATCG Sequence - Extension
overlapping GAA GAG GCC AAT temp, 72°C for
PCR) AGT AGT TCTTTT 30 seconds
AAC GCCTTC
CAC AGC
B-11l spectrin | Name — Name - Annealing 3.2
exon 7 — 1108 | Forexon7 reverse3413 | temp, 65°C
aa Sequence — | Sequence - Extension
(Bait in TTA CTA GGATCA temp, 72°C for
overlapping CCACTA GCC TGG 3 minutes
PCR) CTT CTC TCT CTG
CAAGATG |GTCA
B-11l spectrin | Name — Name — Annealing 3.2
exon 1+7 — ForExonl reverse3360 | temp, 65°C
1108 aa Sequence — | Sequence - Extension
(Product of ATG AGC CTC GCT temp, 72°C for
overlapping AGC ACT CTG GGC 3 minutes
PCR) CTG TCA TCT CTC
CCC ACT CAC
L253P -l Name — Name — Annealing 6.2,6.3, 6.4,
spectrin in for_german rev_german | temp, 70°C 6.7, 6.8, 6.9,
pRK5 vector | Sequence — | Sequence — | Extension 6.10, 6.11,
GGC CTG CTT CAG temp, 68°C for| 6.12, 6.14
ACG AAG GAT CCA 7.5 minutes
CCC CTG GGG GCT
GAT CCT TCG TCA
GAA G GGCC
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APPENDIX 1 PRIMER SEQUENCE AND PCR CONDITIONS

PCR Product Forward Reverse Primer PCR Figure
Description Primer conditions
A486T B-III Name - Name - Annealing 6.2, 6.6
spectrin in for_ala486_thr | rev_ala486_thr | temp, 55°C
pRK5 vector | Sequence - CTG Sequence - CAG Extension
CAA GCG TTC TGC GGC | temp, 68°C
GTG GAC TAC GGT GTC | for 20 mins
ACC GTAGCC|CACCGCTTG
GCA GAA CAC
CTG
R634Wp-III Name - Name - Annealing 6.2, 6.6
spectrin in for_arg634_trp | rev_arg634_trp | temp, 55°C
pRKS vector | Sequence - Sequence - CTC Extension
GCA GCA TTC CAG TCG | temp, 68°C
ACT CGATGG | GGC CCATCG| for 20 mins
GCC CGACTG| AGT TGC TGC
GAA GAG
R658Wp-II Name - Name - Annealing 6.2,6.6
spectrin in for_arg658_trp | rev_arg658_trp | temp, 55°C
pRK5 vector | Sequence - GCCSequence - GAG Extension
GAG GCC GTG CTG CTG | temp, 68°C
TGG GTT TGG | CTC CCA AAC | for 20 mins
GAG CAG CCA GGC CTC
CAG CAC CTC| GGC
R1278Qp-IIl | Name - Name - Annealing 6.2, 6.6
spectrin in for_arg1278_gln rev_argl278_gln temp, 55°C
pRK5 vector | Sequence - CGCSequence - GAA Extension
CTT CGG GAC| GTG CTG CTG | temp, 68°C
AAC CAA CTCTTG GTT | for 20 mins
GAG CAG GTC CCG AAG
CAG CACTTC | GCG
Full lengthp- | Name - Name - Annealing 6.9,7.6
[l spectrin - | for_beta_venus2rev_betafull_v2 | temp, 65°C
YC (BiFC Sequence - ATT Sequence - CCA Extension
assay) TGC GGC CGC| TCGATTTTG | temp, 68°C
ATG AGC TTCTTC TTA | for 7.5 mins
AGC ACC CTG| AAG AAG CTG
TCACCCA AAT C
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APPENDIX 1 PRIMER SEQUENCE AND PCR CONDITIONS

PCR Forward Primer | Reverse Primer PCR Figure
Product conditions
Description
B-111 spectrin | Name - Name - Annealing 7.5, 7.8,
(exons 1-7)- | for_beta venus2| rev_betamino_v2 temp, 65°C 7.16
YC (BiFC Sequence - ATT | Sequence - CCA Extension
assay) TGC GGC CGC | TCG ATG CCA | temp, 72°C
ATG AGC AGC |ATTCTTTTG | for 2 mins
ACCCTG TCA |CCTTCCACA
CCCA GC
Arp-YN Name - Name - Annealing 7.8
(BiFC assay) | for_arp_venus rev_arp_venus |temp, 65°C
Sequence - ATT | Sequence - CCA Extension
TGC GGC CGC | TCG ATG AAG | temp, 72°C
ATG GAG TCC |GTTTTC CTG | for 2 mins
TAC GAT GTG | TGG ATG GAT
ATC GC CG
B-111 spectrin | Name - Name - Annealing 7.1, 7.3,
(B-11Int295) ForEcoRlexonl | RevEcoRlexon7| temp, 70°C 7.14
with Sequence - GGA| Sequence - GGA Extension
introduced ATT CAT GAG | ATT CCT AGC | temp, 72°C
EcoRI CAG CACTCT |CAATTCTTT |forl min
restriction GTC ACC CAC | TGC CTT CCA
sites for T CAGC
introduction
into pGBKT7
Arpla with Name — Name — Annealing 7.2
introduced ForEcoR1ARP1A RevXholARP1A | temp, 65°C
EcoRI and Sequence — GGA Sequence — CCGExtension
Xhol ATT CGC ATG |CTCGAGTTA |temp, 72°C
restriction GAG TCC TAC | GAAGGTTTT | for 2 mins
sites for GAT GTG ATC | CCT GTG GAT
introduction | GC GGA
into pACT2
B-11l spectrin | Name - Name — Annealing 7.3,7.14
(B-11Int851) ForEcoRlexonl | RevXholblli851 | temp, 70°C
with Sequence - GGA| Sequence — CCGExtension
introduced ATT CAT GAG | CTC GAG CTA |temp, 72°C
EcoRI and CAG CACTCT |GGCTGCTTC | for 3 mins
Xhol GTC ACC CAC | CAG GGC TCG
restriction T TGC
sites for
introduction
into pGBKT7
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PCR Product | Forward Primer Reverse PCR Figure
Description Primer conditions
B-111 spectrin | Name — Name — Annealing 7.3,7.14
(B11220-851) | ForEcoRIblllexon| RevXholblli851| temp, 70°C
with (6) Sequence — Extension
introduced Sequence — GGA CCG CTC temp, 72°C
EcoRI and ATT CGC CGG | GAG CTA for 2 mins
Xhol CCAGACCTG |[GGCTGCTTC
restriction TTGGATTTT CAG GGC
sites for GAG TCG TGC
introduction
into pGBKT7
B-111 spectrin | Name — Name — Annealing 7.3,7.14
(B11259-851) | ForEcoRIblllexon| RevXholblli851| temp, 70°C
with (7) Sequence — Extension
introduced Sequence — GGA CCG CTC temp, 72°C
EcoRI and ATT CGC GAT | GAG CTA for 2 mins
Xhol GTG AACGTA |GGCTGCTTC
restriction GAC CAACCC | CAGGGC
sites for GAT TCG TGC
introduction
into pGBKT7
Full length Name - Name - Annealing
prosaposin for_prosp_full rev_prosp_full | temp, 65°C
Sequence - ATG | Sequence - CTA Extension
TAT GCT CTC | GTT CCA CAC | temp, 72°C
GCTCTCCTC |ATGGCGTTT | for 2 mins
GC GC
Prosaposin | Name - Name - Annealing
with for_prosp_prk5 | rev_prosp_prk5| temp, 65°C
introduced Sequence - ATT | Sequence - Extension
Notl TGC GGC CGC | TAAAGC temp, 72°C
restriction CAT GTATGC | GGC CGC for 2 mins
sites TCTCGCTCT |CTAGTTCCA
CCT CGC CAC ATG
GCGTTT GC
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PCR Forward Primer | Reverse Primer PCR Figure
Product conditions
Description
Prosaposin- | Name - Name - Annealing 7.5
YN (BiFC for_prosp_venuslrev_prosp_venusltemp, 65°C
assay) Sequence - ATT | Sequence - CCA | Extension
TGC GGC CGC | TCG ATG TTC |temp, 72°C
ATG TAT GCT | CACACATGG | for2 mins
CTC GCT CTC |CGTTTG CAA
CTC GC TG
YN- Name - Name - Annealing 7.5
Prosaposin | for_venusl prosprev_venusl prosptemp, 65°C
(BIFC assay) | Sequence - CCT| Sequence - GCT | Extension
CCG GAATGT | CTAGACTAG |temp, 72°C
ATG CTCTCG | TTC CAC ACA | for 2 mins
CTCTCCTCG |TGGCGTTTGC
C
YC - B-lli Name - Name - Annealing 6.13
spectrin for_venus2_beta| rev_v2_betaaminptemp, 65°C 7.5,7.7,
(exons 1- Sequence - CCT| Sequence - GCT | Extension 7.16, 7.17
7)(BIFC CCG GAATGA |CTAGACTAG |temp, 72°C
assay) GCAGCACCC |CCAATTCTT for 2 mins
TGT CACCCA | TTGCCTTCC
AC
YC-Full Name - Name - Annealing 7.6
lengthB-111 for_venus2_beta| rev_v2_betafull |temp, 65°C
spectrin Sequence - CCT| Sequence - GCT | Extension
(BiFC assay) | CCG GAATGA | CTAGAC TAC |temp, 68°C
GCAGCACCC |TTGTTCTTC for 7.5 mins
TGT CAC CCA | TTA AAG AAG
CTG A
YC- B-lI Name - Name - Annealing 7.7,7.9,
spectrin for_venus2 beta| Rev_exon_6 temp, 65°C 7.17
(exons 1-6) | Sequence - CCT| Sequence - GCT | Extension
(BIFC assay) | CCG GAATGA | CTAGAC TAC |temp, 72°C
GCA GCACCC | TTC AGG ATC | for 2 mins
TGT CAC CCA |CAGGAGCTT
CGTC
YC- B-ll Name - Name - Annealing 7.7,7.9.
spectrin for_venus2_beta| Rev_exon_5 temp, 65°C 7.17
(exons 1-5) | Sequence - CCT| Sequence - GCT | Extension
(BIFC assay) | CCG GAATGA | CTA GAC TAG |temp, 72°C
GCAGCACCC | TGTTTGTGC | for 2 mins
TGT CAC CCA | ACAATG GCA
TTA AAG
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PCR Forward Primer | Reverse Primer PCR Figure
Product conditions
Description
YC — L253P | Name - Name - Annealing 6.13
B-11l spectrin | for_venus2_beta | rev_v2_betaaminptemp, 65°C 7.7,7.17
(exons 1- Sequence - CCT | Sequence - GCT | Extension
7)(BIFC CCG GAATGA |CTAGACTAG |temp, 72°C
assay) GCAGCACCC |CCAATTCTT for 2 mins
TGT CACCCA |TTGCCTTCC
AC
YN-Arp Name - Name - Annealing 6.13, 7.8,
(BiFC assay) | for_venus_arp rev_venus_arp |temp, 65°C 7.9
Sequence - CCT | Sequence - GCT | Extension
CCG GAATGG |CTAGAT TAG |temp, 72°C
AGT CCT ACG |AAGGTTTTC | for2 mins
ATG TGATCG C| CTG TGG ATG
GAT
Clathrin light | Name — Name — Annealing 7.15
chain ForEcoRIclathrin | RevXholClathmid| temp, 65°C
(CLC374) Sequence — GGA | Sequence - CCG | Extension
with ATT CGC ATG CTC GAG TCA |temp, 72°C
introduced GCT GAG TTG | ATC GAG GGC | for 30 secs
EcoRI and GAT CCATTT TTC CAG GCG
Xhol GGC CTC
restriction
sites for
introduction
into pACT2
Clathrin light | Name — Name — Annealing 7.15
chain ForEcoRIClathmid RevXholclathrin | temp, 65°C
(CLC375- Sequence - GGA | Sequence — CCG| Extension
746) with ATT CGC GCC | CTC GAG TCA |temp, 72°C
introduced AAT TCT CGG ATG CAC CAG | for 30 secs
EcoRland | AAG CAG GAA |GGG CGCCTG
Xhol GC
restriction
sites for
introduction
into pACT2
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PCR Forward Primer | Reverse Primer | PCR conditions | Figure
Product
Description
Clathrin light | Name — Name — Annealing temp, 7.15
chain ForEcoRIClathen| RevXholClathbeg 65°C
(CLC246- d Sequence - CCG| Extension temp,
500) with Sequence - GGA| CTC GAG TCA | 72°C for 30 secs
introduced ATT CGC TAC |AGCTTCATC
EcoRI and TAC CAG GAG | TGC CACCCT
Xhol AGC AAT GGT |GTT GC
restriction CCA
sites for
introduction
into pACT2
Clathrin-YN | Name - Name - Annealing temp, 7.16
(BiFC assay) | for_clath_venl |rev_clath_venl |65°C
Sequence - ATT | Sequence - CCA | Extension temp,
TGC GGC CGC | TCG ATATGC | 72°Cfor 1 min
ATG GCT GAG | ACC AGG GGC
TTG GATCCA |GCCTGCTT
TTT GGC
YN-Clathrin | Name - Name - Annealing temp, 7.16.
(BiFC assay) | for_venl_clath |rev_venl clath | 65°C 7.17

Sequence - CCT
CCG GAATGG
CTG AGT TGG
ATC CAT TTG
GC

Sequence - GCT
CTA GAC TAA
TGC ACC AGG
GGC GCC TGC
1T

Extension temp,
72°C for 1 min
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APPENDIX 2 PREDICTED MOLECULAR
WEIGHTS OF FUSION PROTEINS

Protein Name Size (kDa)

F.L B-1ll spectrin 270
A2-6 B-11l spectrin 250
Calbindin 28
EAAT4 ~60
p38 38
GLAST ~60
GLT1 ~60
Actin 43
L253PB-IIl spectrin 270
L253P-1Il spectrin (rat) cleaved products 22 and 26
L253P -1l spectrin (human) cleaved products 22 and 26
A486T B-11l spectrin 270
R634W-IIl spectrin 270
R658W-III spectrin 270
R1278QB-IIl spectrin 270
CHOP 27
GAL4 (BD)-B-11Int295 57
GAL4 (AD)-FL-Arp 57
GAL4 (BD)-B-1lInt219 47
GAL4 (BD)-B-11Int258 52
GAL4 (BD)-B-11Int851 127
GAL4 (BD)-B-11int220-851 95
GAL4 (BD)-p-11Int259-851 90
GAL4 (AD)-COOH prosaposin 26
YN-prosaposin 93
Prosaposin—YN 93
YC—3111295 48
BlI295-YC 48
YC- F.L B-1ll spectrin 314
F.L B-Ill spectrin-YC 314
YC-B-11Int258 43
YC-B-1lInt219 38
L253P YC-B-11l spectrin295 48
YN-Arp 63
Arp-YN 63
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APPENDIX 2 PREDICTED MOLECULAR WEIGHTS OF FUSION RREINS

Protein Name Size (kDa)
Prosaposin 72
Saposin D 10
GAL4 (AD)-CLC1 47
GAL4 (AD)-CLC374 31
GAL4 (AD)-375-746 30
GAL4 (AD)-246-500 26
YN-CLC 52
CLC-YN 52
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Spinocerebellar ataxia type 5 (SCA5) is an autosomal dominant neurodegenerative disorder caused by
mutations in B-lll spectrin. A mouse lacking full-length g-lll spectrin has a phenotype closely mirroring symp-
toms of SCAS5 patients. Here we report the analysis of heterozygous animals, which show no signs of ataxia
or cerebellar degeneration up to 2 years of age. This argues against haploinsufficiency as a disease mech-
anism and points towards human mutations having a dominant-negative effect on wild-type (WT) g-lll spec-
trin function. Cell culture studies using g-lll spectrin with a mutation associated with SCA5 (L253P) reveal
that mutant protein, instead of being found at the cell membrane, appears trapped in the cytoplasm associ-
ated with the Golgi apparatus. Furthermore, L253P g-lll spectrin prevents correct localization of WT g-lll spec-
trin and prevents EAAT4, a protein known to interact with gB-lll spectrin, from reaching the plasma membrane.
Interaction of B-lll spectrin with Arp1, a subunit of the dynactin—dynein complex, is also lost with the L253P
substitution. Despite intracellular accumulation of proteins, this cellular stress does not induce the unfolded
protein response, implying the importance of membrane protein loss in disease pathogenesis. Incubation at
lower temperature (25°C) rescues L253P g-lll spectrin interaction with Arp1 and normal protein trafficking to
the membrane. These data provide evidence for a dominant-negative effect of an SCA5 mutation and show for
the first time that trafficking of both g-lll spectrin and EAAT4 from the Golgi is disrupted through failure of the
L253P mutation to interact with Arp1.

INTRODUCTION

Spinocerebellar ataxia type 5 (SCAS) is an autosomal domi-
nant neurodegenerative disease. It is characterized by gait
and limb ataxia, dysarthria and uncoordinated eye movements,
and arises from dysfunction and degeneration of the cerebel-
lum (1-3). Different mutations in the gene encoding B-III
spectrin (SPTBNZ2) were identified as the genetic cause of
SCAS in three independent families (3).

Spectrins are heterotetramers comprising two a- and two
B-subunits. The «@- and PB-subunits associate laterally,
forming  anti-parallel  heterodimers  which  interact
head-to-head to form the functional heterotetramer (4,5).
Short actin filaments then link the spectrin tetramers together

forming a flexible spectrin network attached to the inner leaf
of the membrane bilayer. They were originally discovered in
erythrocytes and shown to be critical for mechanical support
and maintenance of structural membrane integrity, with
defects resulting in hereditary elliptocytosis and spherocytosis
(6—9). Spectrins also play important roles in stabilizing cell—
cell contacts and localizing ion channels and cell adhesion
molecules within specific subdomains of the plasma mem-
brane (10—12).

Vertebrates have two a-subunits (al/all), four B-subunits
(BI-BIV) and a B-H subunit creating diversity and specializ-
ation of function (13). The mammalian erythrocyte spectrin
(a1/B1) is found in striated muscle and a subset of neurons,
whereas oll/BI1, all/BII and oll/BIV are the major forms in
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Figure 1. Progressive motor deficits not seen in heterozygous B-III"" ™ mice. (A) Footprint analysis, base width and stride length of 6-month to 2-year old mice.
(B) Ability to remain on stationary rod. Mice were given four consecutive trials, with maximum time of 60 s. (C) Number of hind-limb slips age-matched WT

and B-III""~ mice made when crossing narrow, elevated beam. (D) Latency of WT and S-I1

I~ animals to fall from rotarod at 3, 5 and 10 rpm. Mice were given

four trials per day and allowed a maximum retention time of 120 s per trial. All data are means + SEM (WT n = 3-7, BT~ n=17-9).

non-erythroid vertebrate tissues. B-III spectrin is primarily
expressed in the nervous system, with the highest levels of
expression in the cerebellum, where it is found in Purkinje
cell soma and dendrites (14,15). Originally, it was shown to
associate with the Golgi apparatus (16), but this staining is
now thought to have arisen from antibody cross-reactivity
(17). We have previously shown B-III spectrin to stabilize
EAAT4, the glutamate transporter predominantly expressed
in Purkinje cells, at the cell surface (15). Other investigators
have found the N-terminal actin-binding region of B-III spec-
trin interacts with Arpl, a subunit of the dynactin—dynein
complex (18). A role for B-III spectrin in dynein-mediated
vesicular transport is implied by observation of axonal trans-
port defects in Drosophila expressing mutant forms of 3 spec-
trin, which are exacerbated by the expression of mutant dynein
and dynactin (19).

We recently generated a functional S-III spectrin knockout
mouse (B-1I1"' ") and found that from a young age it showed
characteristic features of cerebellar ataxia, suggesting a loss
of B-II spectrin function underlies SCAS5 pathogenesis
(20). Since the human disease is autosomal dominant, this
finding indicates that either the mutant forms of B-III spec-
trin are simply inactive and the disease arises from haplo-
insufficiency or, in addition to being non-functional, the
mutant subunits also have a dominant-negative effect and
suppress the function of wild-type (WT) spectrin. In order
to investigate these two possibilities, we analysed heterozy-
gous animals for signs of motor deficits and cerebellar
degeneration. We show here that even at 2 years of age, het-
erozygous animals show no signs of ataxia or cerebellar
pathology. Instead, using cell culture studies, we provide evi-
dence that B-III spectrin containing a mutation associated
with SCAS5 (L253P) has a dominant-negative effect on WT
protein function and interferes with membrane protein traf-
ficking.

RESULTS
Heterozgous B-IIT*'~ spectrin mice show no signs of ataxia
or cerebellar degeneration

We previously reported that homozygous B-III spectrin-
deficient mice (B-III"'~) develop characteristics of ataxia
including a wider hind-limb gait, progressive motor incoordina-
tion, cerebellar atrophy and Purkinje cell loss (20). To determine
whether heterozygous (B-I11" ™) mice eventually show signs of
ataxia, we carried out behavioural tests and histological analysis
on mice aged 6 months to 2 years of age. Analysis of footprint
patterns showed no significant difference in base width or
stride length between B-III""~ and WT littermates (Fig. 1A).
There was also no significant difference in motor performance
between the genotypes, heterozygous animals performing as
well as WT controls on a stationary rod (Fig. 1B), an elevated
beam (Fig. 1C) and a rotating rod task (Fig. 1D).

Cerebellar sections stained for Nissl demonstrated that the
size and morphology of the cerebellum appeared normal in
2-year old B-III"~ mice, apart from slight differences in
folia I and II (Fig. 2A1 and B1). Immunostaining for calbindin
showed no changes to Purkinje cell morphology in B-IIIT~
mice (Fig. 2A2 and A3, and B2 and B3), whereas quantifi-
cation of Purkinje cell density and molecular layer thickness
revealed no cell loss or cerebellar atrophy (WT, 39.6 + 3.4;
B—III”*, 37 + 8.6 cell/mm; P=0.73 and WT, 181.7 + 7.1;
B-IIIT~, 197.7 + 11.4 pm; P=0.37; n=3 of each geno-
type). We also saw no significant reduction in glutamate trans-
porter levels in B-III""~ mice (Fig. 2C), providing additional
evidence that the loss of EAAT4 and GLAST in B-III "'~ mice
(20) may be important aspects of disease pathogenesis. There-
fore, B-II"'~ mice display none of the characteristics of
cerebellar ataxia, arguing against haploinsufficiency as a
disease mechanism in the mouse, and hence arguing for a
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Figure 2. No cerebellar pathology in B-III"" ™ mice. Histological analysis of
cerebellum from 2-year old WT (A) and B-III~ (B) mice. (Al, Bl)
Cresyl violet stain shows whole cerebellar morphology. (A2—B3) Calbindin
immunostaining reveals Purkinje cell morphology (ML, molecular layer;
PCL, Purkinje cell layer; scale bars: Al and Bl, 500 pm; A2 and B2,
50 wm; A3 and B3, 20 wm). (C) Representative western blot and densitometry
data quantifying levels of plasma membrane glutamate transporters in
2-year-old B-III""~ and WT animals. EAAT4 levels normalized with calbin-
din, a Purkinje cell specific marker. GLAST and GLT1 normalized with actin.
All data are means + SEM (n = 3 of each genotype).

dominant-negative effect of mutant B-1I1 spectrin on WT B-I11
spectrin function associated with SCAS.

B-III spectrin associates with the Golgi apparatus when
Leu253 is substituted by proline

To investigate potential dominant-negative effects, we trans-
fected Neuro2a and human embryonic kidney (HEK) 293T
cells with constructs encoding either myc-tagged WT S-III
spectrin or SB-III spectrin containing a mutation associated
with SCAS. The missense mutation (L253P) found in one
family with SCAS5 was introduced by site-directed
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mutagenesis into rat B-III spectrin cDNA. The leucine 253
residue and the N-terminus of S-III spectrin are highly con-
served from fly to human (3). Immunostaining with an
anti-c-myc antibody revealed that, unlike WT, L253P B-III
spectrin appears to accumulate in a discrete intracellular
location and is no longer found at the plasma membrane
(Fig. 3A). No difference in the cellular distribution was seen
between the two cell lines examined. We therefore used
Neuro2a cells, unless otherwise stated, for all subsequent
experiments since B-III spectrin is predominantly a neuronal
protein (14—16). To elucidate the intracellular distribution,
we co-expressed S-III spectrin constructs with either a Golgi
or an endoplasmic reticulum (ER) marker. This revealed that
L253P B-II spectrin appears to associate with the Golgi
apparatus (Fig. 3B).

To determine the effect of L253P B-III spectrin on WT
protein, we co-expressed yellow fluorescent protein (YFP)-
tagged WT B-III spectrin with myc-tagged L253P B-III spec-
trin. We found that the presence of L253P B-III spectrin
resulted in WT B-III spectrin—YFP being trapped in the
same intracellular location as L253P (Fig. 3C). In contrast,
WT B-II spectrin—YFP was found at the plasma membrane
when myc-tagged WT B-III spectrin was co-expressed. This
finding suggests that the presence of the L253P missense
mutation confers a dominant-negative effect on WT S-III
spectrin protein.

L253P B-III spectrin interferes with protein trafficking
and fails to interact with Arpl

EAAT4 is known to interact directly with and be stabilized at
the cell membrane by S-11I spectrin (15). Moreover, a decrease
in EAAT4 protein is seen in young B-III'~ mice (20) and
dramatic changes in EAAT4 distribution are seen in SCAS5
autopsy tissue (3). Taken together, these findings suggest
that EAAT4 may play an important role in disease patho-
genesis. We therefore examined what effect the expression
of L253P B-III spectrin had on EAAT4 cellular distribution.
Immunofluorescence microscopy revealed accumulation of
EAAT4 at the Golgi apparatus when L253P was co-expressed
compared with WT B-III spectrin, suggesting a disruption to
protein trafficking (Fig. 4A). To test whether a lower tempera-
ture could rescue the defect, we incubated transfected cells at
25°C for an additional 12 h before immunostaining. We found
that the permissive temperature resulted in L253P B-III spec-
trin reaching the plasma membrane (Fig. 4B). Western blot
analysis confirmed protein levels were not altered by the temp-
erature shift but did show that the expression of L253P B-III
spectrin was less than WT protein (Fig. 4B). In addition
EAAT4 was no longer trapped intra-cellularly in cells expres-
sing L253P B-III spectrin when incubated at the lower temp-
erature (Fig. 4C).

A role for B-III spectrin in vesicular trafficking has been
proposed given its ability to interact with Arp1 and copurify
with dynein and dynactin on intracellular vesicles from rat
brain (18). We used a biomolecular fluorescence comple-
mentation (BiFC) assay to investigate whether the L253P
mutation interfered with the ability of the N-terminus of
B-1IIT spectrin to interact with Arpl. The BiFC technique
is based on the generation of a fluorescent signal when
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Figure 3. Cellular localization of full-length L253P B-III spectrin overlaps with Golgi marker. (A) Neuro2a and HEK293 cells transfected with either myc-
tagged WT or L253P B-III spectrin, fixed and stained using anti-c-myc antibody. Nucleus stained with DAPI (blue). (B) Neuro2a cells cotransfected with
either a Golgi (green) or ER (green) marker and myc-tagged WT or L253P B-III spectrin (red). Nucleus stained with DAPI (blue). (C) Neuro2a cells cotrans-
fected with YFP-tagged WT B-III spectrin and either myc-tagged WT or L253P B-III spectrin. Cells immunostained using anti-c-myc antibody (red) and
anti-GFP antibody (green). All images are representative of three independent experiments (scale bar, 10 pm).

the two halves of enhanced YFP are brought together,
mediated by the association of two interacting partners
fused to the YFP fragments (21,22). We cloned full-length
Arpl and the N-terminus of B-III spectrin (amino acids
1-294) downstream of the N-terminal (YN) and C-terminal
fragments (YC) of YFP, respectively, and transfected HEK
293T cells with the expression vectors. Co-expression of
YN-Arpl and WT YC—B-III spectrin yielded fluorescence,
but no fluorescence was observed when L253P YC-B-III
spectrin was co-expressed with YN-Arp1 (Fig. 4D), indicat-
ing that the mutation does indeed eliminate the interaction
between B-III spectrin and Arpl. However, incubation at
25°C for an additional 12h produced a fluorescence
signal (Fig. 4D), suggesting that a conformational change
underlies the observed lack of interaction at 37°C.
Western blot analysis confirmed that all proteins were
expressed at 37°C.

Unfolded protein response not induced by L253P
expression

A number of neurodegenerative diseases have been shown to
be associated with the accumulation of abnormal protein,
impaired ER homeostasis and activation of the unfolded
protein/endoplasmic stress response (UPR) (23-26). The
UPR can be triggered by a block in trafficking at the ER
and Golgi, as well as the accumulation of unfolded or mis-
folded proteins in the ER. Therefore, since L253P appears to

accumulate intra-cellularly and disrupt the trafficking of
proteins through the Golgi, we investigated whether the
UPR was induced by the expression of L253P.

We looked at increased expression levels and nuclear trans-
location of the transcription factor growth arrest and DNA
damage/C/EBP-homologous protein (GADDI153/CHOP), a
commonly used indicator of ER stress and thought to be a
downstream effector of all three UPR pathways (27,28).
Western blot analysis revealed no difference in the level of
CHOP protein when L253P B-III spectrin was expressed com-
pared with WT B-III spectrin (Fig. SA and B). CHOP levels
were normalized to those obtained when GFP was overex-
pressed, and the pharmacological induction of ER stress
using tunicamycin, a blocker of N-linked glycosylation, con-
firmed the ability to induce CHOP expression in the cell
culture system. Immunofluorescence microscopy confirmed
the absence of CHOP activation in cells transfected with
L253P as no nuclear staining was observed, in comparison
with high levels observed in tunicamycin treated cells
(Fig. 5C). Finally, we only saw a small increase in the
expression of CHOP in symptomatic B-II '~ mice compared
with litter mate controls (116 + 7.8% of WT; n =4 of each
genotype; P = 0.11). These data suggest that UPR is not a
major consequence of S-III spectrin loss and is unlikely to
underlie the Purkinje cell degeneration observed in the
B-III"'~ mouse model of ataxia. Furthermore, UPR appears
not to be a downstream effect of a SB-III spectrin mutation
associated with SCAS.
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Figure 4. L253P B-I1I spectrin does not interact with Arpl and interferes with protein trafficking. (A) Neuro2a cells cotransfected with EAAT4 and either myc-
tagged WT or L253P B-III spectrin. Cells immunostained using anti-c-myc antibody (red), anti-EAAT4 antibody (green) and nucleus stained with DAPI (blue).
(B) Cells transfected with either myc-tagged WT or L253P B-III spectrin and 24 h after transfection incubated at 37 or 25°C for a further 12 h. Cells immuno-
stained using anti-c-myc antibody (red). Western blot analysis of cell homogenates probed with anti-c-myc antibody. (C) Cells expressing myc-tagged L253P
B-111 spectrin and EAAT4 incubated at 25°C for a further 12 h. Cells immunostained using anti-c-myc antibody (red) and anti-EAAT4 antibody (green). (D)
BiFC assay using cells transfected with Arpl fused to the N-terminal half of YFP (YN-Arpl) and the actin-binding region of B-III spectrin, with or without
the L253P substitution, fused to the C-terminal half of YFP (YC-B-III). Twenty-four hours after transfection cells were incubated at 37 or 25°C for a further
12 h. Western blot analysis of cell homogenates probed with anti-GFP antibody. All images are representative of three independent experiments (scale bar,

10 pm).

DISCUSSION

A number of dominantly inherited human diseases have
recently been shown to arise from haploinsufficiency (29—
31). Often in these cases, the genes involved encode proteins
where a correct stoichiometry is vital for function and a
single WT gene copy is insufficient. Examples are transcrip-
tion factors or proteins that form macromolecular complexes.
Since spectrin functions as a heterotetramer and assembly
appears to be rate limited by the 8 subunit (32), one possibility
is that SCAS arises from B-III spectrin haploinsufficiency due
to the mutant B polypeptides failing to associate with other
subunits. Here we provide strong evidence that haploinsuffi-
ciency is unlikely to be the disease mechanism, as we see
no signs of motor deficits or cerebellar degeneration in hetero-
zygous B-IIIT~ mice even at 2 years of age. This indicates
that the loss of B-III spectrin function, thought to be important
in disease pathogenesis (20), must arise from mutations associ-
ated with SCA5 having a dominant-negative effect on WT
B-1II spectrin function. It is possible that the heterozygous
animals do not live long enough for a phenotype to be detected
or the motor tasks used are not sensitive enough to detect
minor motor deficits. However, our cell culture studies do
indicate that the proline substitution found in one SCAS
family (L253P) appears to have a dominant-negative effect
on WT B-III spectrin, preventing protein trafficking from the
Golgi apparatus.

Previously, B-III spectrin was shown to stabilize EAAT4 at
the plasma membrane (15) and, using total internal reflection
fluorescence microscopy, Ranum and co-authors (3) revealed
that the in-frame deletion found in the Lincoln SCAS pedigree
fails to stabilize EAAT4 at the cell surface to the same extent
as WT B-III spectrin. Here we now show that B-III spectrin
also has a role in the vesicular trafficking of EAAT4 from
the Golgi to the plasma membrane and the L253P mutation
disrupts this process. The observation that a large number of
vesicles are found surrounding Golgi cisternae in B-II1"/~
mice (20) supports this cellular function. Further we have
shown that the L253P substitution prevents the normal inter-
action between Arpl and the N-terminus of B-III spectrin.
Based on their work in Drosophila, a link between defects
in the dynein—dynactin complex and SCAS pathogenesis is
suggested by Lorenzo et al. (19). When flies overexpressing
mutant human B-III spectrin (the Lincoln mutation) were
crossed with either a hypomorphic (éynein heavy chain allele
or a dominant mutation in the p150“™*? subunit of dynactin,
the larvae displayed exacerbated posterior paralysis and
slowing of vesicle transport, inferring a synergistic effect
between spectrin and dynein—dynactin. Similarly, the rough
eye phenotype in flies overexpressing either the Lincoln or
the L253P mutation was enhanced by the dynein—dynactin
mutants. Here we provide the first direct evidence that a
SCAS mutation interferes with the ability of spectrin to inter-
act with a component of the dynactin complex, highlighting
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Figure 5. No induction of unfolded protein response by L253P B-III spectrin compared with WT B-11II spectrin. (A) Total cellular homogenates of Neuro2a cells
transfected with constructs encoding GFP, WT B-III spectrin, L253P B-III spectrin or untransfected cells treated with tunicamycin for 12 h resolved by SDS—
PAGE, and immunoblotted using anti-GADD153 antibody. (B) Data quantified by densitometry (means + SEM). (C) Representative confocal images of cells
immunostained for CHOP (green) and nucleus stained with DAPI (blue). Scale bar, 10 pm. (D) Total cerebellar homogenates of symptomatic B-III""~ and
age-matched WT mice resolved by SDS—PAGE, immunoblotted using anti-GADD153 antibody.

how normal trafficking can be disrupted in SCAS. The fact
both the interaction with Arpl and protein trafficking defects
were rescued by incubating at a lower temperature suggests
that the L253P substitution results in a protein conformation
defect. Ongoing work by Ranum and colleagues supports
temperature sensitivity of conformation of the mutant human
protein (K.A. Dick Krueger and L.P.W. Ranum personal com-
munication). Importantly, a direct role for dynein in the trans-
port of proteins into dendrites has recently been shown (33),
supporting the possibility that interfering with Arpl binding
will result in defects to protein trafficking within the Purkinje
cell dendritic tree of SCAS patients.

Irrespective of the mechanism, the intracellular accumu-
lation of proteins can lead to ER stress, the induction of
UPR, and apoptotic cell death. However, we see no major
induction of GADDI153/CHOP, a downstream effector of
UPR in transfected cells or in symptomatic B-III'~ mice.
Taken together, these results suggest that unlike other neuro-
degenerative disorders, the disease mechanism in SCAS5 does
not involve the induction of UPR. Instead, the actual loss of
membrane proteins and their cellular functions appears to be
more critical for disease pathogenesis. The expression of
mutant forms of SB-III spectrin in Purkinje cells and identifi-
cation of other membrane proteins that are altered will be fun-
damental to fully understanding the mechanisms of Purkinje
cell dysfunction and degeneration. The N-terminus of 3 spec-
trin is known to bind actin and 4.1, forming a spectrin/4.1/
actin junction. Protein 4.1 has been shown to bind several
membrane proteins and be required for their stable cell-surface
expression (34—36). Incorporation of a mutant 3 subunit could
alter the conformation of the whole tetramer preventing
normal function and interaction with proteins including
protein 4.1. Future research should investigate whether differ-
ent mutations associated with SCAS alter the ability of B-II1

spectrin to interact with components of the dynein—dynactin
complex or with protein 4.1.

In summary, the present work has shown that mutant B-I11
spectrin disrupts protein trafficking from the Golgi apparatus
through elimination of normal interaction between gS-III
spectrin and the dynactin component Arpl. This helps
explain the mislocalization of membrane proteins seen in
SCAS. Furthermore, haploinsufficiency is not supported as a
disease mechanism as indicated by a lack of disease phenotype
in mice heterozygous for loss of B-III spectrin.

MATERIALS AND METHODS
Analysis of B-III"'~ mice

All genotyping, motor tasks, histology and western blotting
analysis were carried out as previously described (20).
Seven days prior to the behavioural tests, old mice were habi-
tuated to the test environment by handling (10 min each day).

Antibodies

Sagittal cerebellar sections were immunostained using mouse
anti-calbindin D (1:50) and cyanine 3 (Cy3)-conjugated goat
anti-mouse IgG (Jackson Laboratories). Mouse anti-c-myc
(Ab-1, Calbiochem) and either Cy3- or Cy2-conjugated goat
anti-mouse IgG (Jackson Laboratories) were used to detect
pRKS-myc-tagged constructs. YFP-tagged B-III spectrin was
detected with rabbit anti-GFP (Molecular Probes, Invitrogen)
and fluorescein isothiocyanate-conjugated goat anti-rabbit
IgG (Cappel). Polyclonal antibodies against EAATA4,
GLAST and GLT1 were a kind gift of Jeffrey Rothstein, and
mouse anti-actin, -calbindin and rabbit anti-GADDI153
obtained from Sigma and Santa Cruz, respectively.
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Plasmids

The missense mutation L253P was introduced using the
QuickChange site-directed mutagenesis kit (Stratagene) accord-
ing to the manufacturer’s instructions using pRK5-myc-tagged
B-1I1 spectrin as template and 5-GGCCTGACGAAGC
CCCTGGATCCTGAAG-3 and 5- CTTCAGGATCCAGG
GGCTTCGTCAGGCC-3' as primers. Full-length WT B-III
spectrin and the first 294 amino acids of WT and L253P B-II1
spectrin were amplified by PCR using primers that introduced
either Nofl and Clal (5-ATTTGCGGCCGCATGAGCA
GCACCCTGTCACCCA-3 and 5'-CCATCGATTTTGTTCTT
CTTAAAGAAGCTGAAT-3) or BspEl and Xbal (5'-CCTC
CGGAATGAGCAGCACCCTGTCACCCA-3' and 5'-GCTC
TAGACTAGCCAATTCTTTTGCCTTCCAC-3") restric-
tion sites, respectively, and the products cloned into
pcDNA3.1(zeo)-YC vector (kind gift of Stephen Michnick).
Full-length Arp 1 was amplified using Quickclone cDNA (Clon-
tech) as template and cloned into the BspEl and Xbal sites of
pcDNA3.1(zeo)-YN. Other plasmids were pCDNA3.l1 rat
EAAT4 (15) and Golgi (pECFP-golgi) and ER (pDsRed2-ER)
markers from Clontech.

Cell culture and transfections

HEK 293T cells were grown in minimum essential medium
(MEM, Sigma) containing 10% fetal bovine serum, 10 mm
glutamine, 1x non-essential amino acids and antibiotics
(penicillin and streptomycin). Mouse neuronal 2a (N2a) cells
were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) containing the aforementioned components
and supplemented with 4.5 g/l glucose and 0.11 g/l sodium
pyruvate (Gibco). For cell homogenates, cells were plated
onto 35 mm dishes and for microscopic observation cells
were plated onto poly-L-lysine-coated coverslips in 35 mm
dishes. A total of 2 wg of DNA was used to transfect cells
with Fugene HD at a ratio of 3:2 according to the manufac-
turer’s instructions (Roche). Twenty-four hours post-
transfection cells were either harvested for western blot
analysis, fixed with 4% paraformaldehyde for immunostain-
ing, maintained at 37 or 25°C for an additional 12 h (to test
for temperature sensitivity shown by K.A. Dick Krueger et
al., manuscript submitted) or treated with 2 pg/ml tunicamy-
cin (Calbiochem) for 12 h. All coverslips were mounted
using hard set vectashield containing DAPI unless
Cy2-conjugated goat anti-mouse IgG was used. In this
instance, vectashield was used as mounting agent (Vector Lab-
oratories, Burlingame, CA, USA).

Microscopy

Images were captured with an Olympus BX51 microscope or
using a Zeiss Axiovert confocal laser scanning microscope.
All acquisition settings were kept constant between samples,
and colours were applied using Image J.

Statistics

Statistical analysis was performed using Student’s #-test, two
sample assuming unequal variance, apart from densitometry
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analysis of western blots where one sample 7-test was used
with a predicted value of 100% for the WT.
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Loss of 3-III Spectrin Leads to Purkinje Cell Dysfunction
Recapitulating the Behavior and Neuropathology of
Spinocerebellar Ataxia Type 5 in Humans
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Mutations in SPTBN2, the gene encoding S3-III spectrin, cause spinocerebellar ataxia type 5 in humans (SCA5), a neurodegenerative
disorder resulting in loss of motor coordination. How these mutations give rise to progressive ataxia and what the precise role 3-III
spectrin plays in normal cerebellar physiology are unknown. We developed a mouse lacking full-length 3-III spectrin and found that
homozygous mice reproduced features of SCA5 including gait abnormalities, tremor, deteriorating motor coordination, Purkinje cell
loss, and cerebellar atrophy (molecular layer thinning). In vivo analysis reveals an age-related reduction in simple spike firing rate in
surviving B-II1 ~/~ Purkinje cells, whereas in vitro studies show these neurons to have reduced spontaneous firing, smaller sodium
currents, and dysregulation of glutamatergic neurotransmission. Our data suggest an early loss of EAAT4- (protein interactor of 3-III
spectrin) and a subsequent loss of GLAST-mediated uptake may play a role in neuronal pathology. These findings implicate a loss of 3-III
spectrin function in SCA5 pathogenesis and indicate that there are at least two physiological effects of 3-III spectrin loss that underpin a
progressive loss of inhibitory cerebellar output, namely an intrinsic Purkinje cell membrane defect due to reduced sodium currents and

alterations in glutamate signaling.

Introduction
Dominant spinocerebellar ataxias (SCAs) are a heterogeneous
group of inherited neurodegenerative disorders characterized by
postural abnormalities, progressive motor incoordination, and
cerebellar degeneration (Duefias et al., 2006; Soong and Paulson,
2007). Recently, using a large kindred descended from the grand-
parents of President Abraham Lincoln, mutations in SPTBN2,
the gene encoding B-III spectrin, were found to cause spinocer-
ebellar ataxia type 5 (Ikeda et al., 2006). However, the mechanism
through which the in-frame deletions and missense mutations
cause disease is still unknown, with toxic gain-of-function, loss-
of-function with a dominant-negative effect on wild-type pro-
tein, or haploinsufficiency all being possibilities.

Spectrins, heterotetramers consisting of two a and two 3 sub-
units, are important structural components of the plasma mem-
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brane skeleton and are thought to play a significant role in
restricting and stabilizing membrane-spanning proteins within
specific subdomains of the plasma membrane. B-III spectrin is
primarily expressed in the nervous system with the highest levels
of expression in the cerebellum, where it is found in Purkinje cell
soma and dendrites (Sakaguchi et al., 1998; Jackson et al., 2001).
However, transcripts are also found in a number of different
organs (Stankewich et al., 1998), and low levels of B-III spectrin
protein are detected in kidney and liver (our unpublished obser-
vation). We have shown that B-11I spectrin interacts with EAAT4,
the glutamate transporter predominately expressed in Purkinje
cells, and stabilizes it at the plasma membrane (Jackson et al.,
2001). This implicates B-III spectrin in clearance of glutamate
from the synaptic cleft, and consequently both modulation of
glutamatergic neurotransmission and prevention of glutamate-
mediated neurotoxicity. Other investigators have shown S-II1
spectrin interacts with ARP1 and is found in a complex with
dynactin (Holleran et al., 2001). Since dynactin is the acces-
sory protein that mediates the association of dynein with cyto-
plasmic vesicles, another suggested function of B-III spectrin
is to facilitate protein trafficking by linking the microtubule
motor to vesicle-bound cargo. An earlier study also suggested
that B-III spectrin associates with Golgi and cytoplasmic vesicles
(Stankewich et al., 1998). In the case of Drosophila and Caeno-
rhabditis elegans, which have only one form of B-spectrin, loss of
B-spectrin results in destabilization of the neuromuscular junc-
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tion through loss of synaptic cell-adhesion molecules (Pielage
et al., 2005) and axonal breakage (Hammarlund et al., 2007),
respectively.

To further investigate the role of B-III spectrin in normal
cerebellar development and SCA5 disease pathogenesis, we gen-
erated a mouse model in which B-III spectrin expression is dis-
rupted. Here, we show that a functional B-III spectrin knock-out
mouse (B-II1 /") develops characteristic features of cerebellar
ataxia including progressive motor incoordination, a wider hind-
limb gait, tremor, cerebellar atrophy, and Purkinje cell loss, thus
resembling clinical cases. Therefore, the 8-II1 '~ mouse is a new
model of cerebellar ataxia and, furthermore, our results implicate
several physiological defects arising from loss of B-III spectrin in
disease pathogenesis.

Materials and Methods

Creation of B-III spectrin-deficient mice. Mouse B-III spectrin gene was
cloned from a 129Sv mouse BAC library (ResGen). To construct the
targeting vector, two gene fragments were subcloned into the vector
pPNT:a 2.0 kb Kpnl fragment containing intron 6 was cloned in between
the PGK-neo selection cassette and the PGK-tk cassette to form the 3’
homology region; and a 7.0 kb XholI-Sse I fragment containing exons 1
and 2 was cloned upstream of the PGK-neo cassette forming the 5’ region
of homology. The targeting vector was linearized with NotI and electro-
porated into 129/0la embryonic stem (ES) cells (clone E14Tg2a). Stably
transfected ES cell clones were isolated after double selection with G418
and ganciclovir, and homologously recombined ES cell clones identified
by Southern blotting. Genomic DNA from 700 G418- and ganciclovir-
resistant ES clones was digested with Sphl and transferred to Hybond-N
membrane (GE Healthcare). A 208 bp and a 160 bp intronic fragment,
external to vector, were used as 5" and 3’ probes, respectively. Correctly
targeted ES clones were karyotyped and used for blastocyst injections.
The resulting chimeric males were bred with C57Bl6] females to identify
germ-line transmission by agouti coat color. Heterozygous F, mice were
then backcrossed with C57Bl6] for at least six further generations. All
procedures involved in generation and analysis of mutant mice were
performed according to the United Kingdom Animals (Scientific Proce-
dures) Act (1986) and other Home Office regulations under specific
pathogen-free conditions.

Genotyping. Animals were genotyped by PCR analysis on genomic
DNA extracted from ear notch biopsies using ChargeSwitch gDNA tissue
kit (Invitrogen). A common upstream primer (5'-gagcgagaagccgtgcagaag-
3') and primers specific for the wild-type allele (5'-aggatgatggtccacactagee-3')
and the PGK-neo cassette in the mutant allele (5'-ctaccggtggatgtggaatg-3")
were used for amplification. The 710 bp (from wild-type allele) and 562
bp (from targeted allele) PCR products were resolved by electrophoresis
on a 1% agarose gel. B-III spectrin-deficient mice were fully viable and
generally born at a ratio consistent with Mendelian inheritance (1:2:1).
Litters composed of 41 wild-type (WT), 79 B-1I1 /= and 44 B-111 I
animals.

Immunoblotting. Whole cerebella were homogenized in 400 ul of ice-
cold homogenization buffer [20 mm HEPES, pH 7.4, 1 mm EDTA, 1 mm
phenylmethylsulfonyl fluoride, and Protease Inhibitor Cocktail Set IIT
(Calbiochem)] with a Teflon-glass homogenizer. Protein concentrations
were determined using Coomassie-Plus Reagent and bovine serum albumin
as standard (Pierce). Protein samples were resolved by denaturing SDS-
PAGE and transferred to nitrocellulose membranes (GE Healthcare, Phar-
macia). The membranes were blocked for 1 h at room temperature with 5%
w/v nonfat dry milk in Tris-buffered saline/Tween 20 (TBS/T) (20 mm Tris,
17 mm NaCl, pH 7.6, with 0.1% v/v Tween 20). Blots were incubated over-
night at 4°C with either rabbit anti-BIII spectrin, -EAAT4, -GLAST (1:200),
-GLT1 (1:4000), -GluR1 (1:1000; AbCam), or mouse anti-actin,
-calbindin (1:1600; Sigma) in blocking buffer. After washing with TBS/T,
the blots were incubated for 1 h at room temperature with either HRP-
conjugated donkey anti-rabbit IgG, or HRP-conjugated sheep anti-
mouse IgG (1:4000; GE Healthcare, Pharmacia). Immunoreactive
proteins were visualized with ECL (Insight Biotechnology).

Perkins et al. ® 3-I1l Spectrin-Deficient Mice Model SCA5

Immunohistochemistry. Brains were removed and immersion fixed
with 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4,
overnight at 4°C and cryoprotected by immersion in 0.1 M sodium phos-
phate buffer, pH 7.4, containing 30% sucrose. Tissue was quick-frozen
on dry ice, then 15-um-thick cerebellar sections were cut and fixed onto
microscope slides coated with poly-L-lysine. After air drying for 30 min,
sections either were stained for Nissl with cresyl violet (0.25%) or immu-
nostained. All quantification was performed in a blinded manner on
Nissl-stained sections by counting the number of Purkinje cells along a 1
mm linear length in folia IT, ITI, IV, VI, and VIII (these folia were found to
be the most consistent in shape between animals) and the counts aver-
aged for each animal. The thickness of the molecular layer was measured
in each animal at the same three points within each of the five chosen folia
and the 15 measurements averaged. For deep cerebellar nuclei (DCN)
counts, four areas (150 um? each) were measured and the counts aver-
aged for each animal. For immunostaining, sections were incubated for
1 h with blocking solution (5% normal goat serum with 0.4% Triton
X-100 in PBS. Rabbit anti-B-IIT spectrin, anti-EAAT4 or mouse anti-
calbindin primary antibody (1:50) (2% normal goat serum/0.1% Triton
X-100 in PBS) was applied for 1 h at room temperature. Sections were
washed three times in PBS before applying goat anti-rabbit FITC-
conjugated secondary antibody (Cappel) or goat anti-mouse Cy-3-
conjugated secondary antibody (Jackson ImmunoResearch) for 1 h at
room temperature followed by three rinses in PBS and coverslipping with
Vectashield (Vector Laboratories). Mouse anti-calbindin primary anti-
body (1:50) and anti-Neu-N antibody (1:100; Millipore Bioscience Re-
search Reagents) was applied overnight at 4°C and biotinylated
universal horse anti-mouse/rabbit IgG, diluted at 1:200 in PBS, was
applied for 1 h at room temperature. Detection of biotinylated sec-
ondary antibody was performed using ABC method with DAB and
H,0, used as peroxidase substrate (Vector Laboratories). Images
were captured with an Olympus IX70 fluorescence microscope using
Openlab software (Improvision) or a Zeiss inverted LSM510 confocal
laser scanning microscope.

Electron microscopy. Brains were dissected out and immersion fixed
overnight (4°C) with a mixture of 2% paraformaldehyde and 2% glutar-
aldehyde in 0.1 M sodium cacodylate buffer, pH 7.3. Specimens were
postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate for 45 min,
washed three times in 0.1 M sodium cacodylate buffer, and dehydrated in
50%, 70%, 90%, and 100% normal grade acetones for 10 min each,
followed by two 10 min changes in analar acetone. Samples were embed-
ded in Araldite resin, and 1-pum-thick sections cut, stained with toluidine
blue, and viewed in a light microscope to select suitable areas for inves-
tigation. Ultrathin 60-nm-thick sections were cut from selected areas,
stained with uranyl acetate and lead citrate, and viewed in a Phillips
CM120 transmission electron microscope (FEI). Morphological criteria
used were irregular cell body, dark cytoplasm, and shrinkage. Images
were taken on a Gatan Orius CCD camera.

Semiquantitative reverse transcriptase-PCR. Total RNA was extracted
from mouse cerebellum using RNeasy Mini kit (Qiagen), and reverse
transcriptase (RT)-PCRs were performed using One-Step RT-PCR kit
(Qiagen) according to manufacturer’s instructions. Primers for RT-
PCRs located in exon 1, 7, 34, and 36 of B-III spectrin were: F1
5'-atgagcagcactctgtcacccact-3'; R7 5'-gecaattcttttgecttecacage-3'; F34
5'-ggcccagggaagtgtggectt-3'; and R36 5'cttaaagaagctgaatcgtttttctge-3'.
Amplification of the ubiquitously expressed elongation factor a was used
to control for RNA levels (Stratagene).

Cell culture and transfection. B-1I1 spectrin cDNA lacking exons 2—6
was subcloned into the NotI site of pPCDNA3.1 (Invitrogen) and a Myc-
tagged pRK5 vector. For microscopic observation, HEK293 and
Neuro2A cells were plated onto coverslips coated with poly-L-lysine in 35
mm dishes and transfected with 1 ug of each DNA construct using Fu-
gene reagent (Roche) in accordance with the manufacturer’s instruc-
tions. Anti-c-myc (Ab-1; Calbiochem) and tetramethylrhodamine
isothiocyanate-conjugated goat anti-mouse IgG (SouthernBiotech) were
used for immunofluorescence. For cell homogenates and biotinylation
assays, HEK and HEK-rEAAT4 cells, respectively, were plated onto 35
mm dishes and transfected with 4 ug of each DNA using Lipofectamine
2000 (Invitrogen) according to manufacturer’s instructions.
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Figure1.

Progressive motorimpairmentin B-IIl ~/~ mice. 4, Western blot analysis of whole cerebellar homogenates (10 11g) confirms full-length B-lll spectrin (270 kDa) is absent in B-IIl ~/~

mice, but a smaller molecular weight protein (~250 kDa; arrowhead) is expressed at low levelsin 3-lll */~ and B-lIl /™ animals. Degradation product s identified by an asterisk. Calbindin levels
confirm equal protein loading. B, Cerebellar sections, from 3-week-old mice, immunostained with anti- 3-Il spectrin and anti-calbindin antibody show intense 3-Ill labeling (arrow) of WT (+/+)
dendritic tree but faint staining in B-lll '~ mice, although still present in proximal and distal dendrites. ML, Molecular layer; PCL, Purkinje cell layer. Scale bar, 50 um. C, Left, Representative
footprints of 18-week-old WT and SB-Ill /™ littermates. Base width shown by double arrow and stride length by solid line. Right, Summary data showing significant increase in B-1Il ~/~ base
width compared with WT at 18 weeks ( p = 0.0078), 6 months ( p = 2.82 X 10 ~),and 1year ( p = 0.02) of age. D, Time mice remained on stationary rod before falling reveals 6-month-old and
1-year-old B-IIl ~/~ mice are impaired ( p = 0.004and 0.0007). Mice were given four consecutive trials, with maximum time of 60's. E, Latency of 3-week-old animals to fall from rotarod at 3, 5,
and 10rpm. Mice were given four trials per day and allowed amaximum retention time of 120 s per trial. Both genotypes improved performance during consecutive days at 3 and 5 rpm, but difference
in latency to fall remained significant in all comparisons, except on day 3 at 3 rpm (p = 0.218). , 6-month-old B-1Il ~/~ mice failed to stay on rotarod at 3 rpm and showed no improvement.
G, Number of hindlimb slips B-lll ~/~ mice made when crossing narrow, elevated beam increased from 12 weeks of age ( p = 0.001 and 0.0006). All data are means = SEM (WT, N = 5-12;

B-IL /=, N = 4-15). %p < 0.05; **p < 0.01; ***p < 0.001.

Motor coordination tests. Footprint patterns were analyzed using a run-
way (80 cm by 10.5 cm wide) with white paper at the bottom. Hindpaws
of animals were dipped in nontoxic, water-soluble black ink (Indian Ink,
Winsor & Newton). Three consecutive strides were measured for each
animal. Stride length measurements were taken from the base of two
consecutive paw prints on the same side, and the base width was mea-
sured as the distance between the center of one paw print to the center of
the next print on the opposite side. The elevated beam test was performed
using a narrow horizontal beam (2 cm wide, 80 cm long, held at a height
of 30 cm from the table). The number of hindpaw slips the animal made
while traversing the beam were counted. For the hanging wire test, mice
were placed on a wire cage lid, which was turned upside down, and the
latency to fall measured. A 60 s cutoff time was used. In the rotarod test,
the ability of mice to maintain balance on a stationary (maximum time,
60 s) or rotating (3, 5, and 10 rpm) 3-cm-diameter cylinder was assessed
(TSE Rotarod) and the time a mouse remained on the accelerating cyl-
inder recorded (maximum, 120 s).

Glutamate uptake assays. Each cerebellum was homogenized in 800 ul
of tissue buffer (5 mm Tris/320 mM sucrose, pH 7.4) with Protease Inhib-
itor Cocktail Set IIT (Calbiochem), using Teflon-glass homogenizer. Each
sample was split and pellets washed twice in ice-cold Tissue Buffer, before

being resuspended in either Na *-containing Krebs buffer (120 mm
NaCl, 25 mm NaHCO;, 5 mm KCl, 2 mm CaCl,, 1 mm KH,PO,, 1 mm
MgSO,, 10% glucose) or Na *-free Krebs (120 mm choline-Cl and 25
mu Tris-HCI, pH 7.4, substituted for NaCl and NaHCOj, respectively).
Samples were then incubated with 5 um *H-glutamate for 10 min at 37°C
and uptake stopped by placing back on ice. Pellets were washed twice
with Wash Buffer (5 mm Tris/160 mm NaCl, pH 7.4) and radioactivity
measured using a scintillation counter. Na " -dependent uptake was de-
termined by subtracting Na *-free counts.

In vivo electrophysiology. Extracellular recordings were obtained from
Purkinje cells in the vermis of the posterior lobe (lobules Vand VI) in WT
and B-111 "/~ mice anesthetized with intraperitoneal injection of 1.5 g/kg
urethane (solution at 12.5%). The head of the animal was immobilized in
a stereotaxic frame and the cerebellum exposed by a craniotomy extend-
ing from the obex to the lamboidal ridge. The dura was opened along the
midline, and the brain covered with a mixture of paraffin oil and vaseline
to prevent dessication. Glass microelectrodes filled with 0.9% NaCl were
placed =1 mm on either side of the midline then lowered into the vermis
using a hydraulic micromanipulator (Narishige). Recordings of the
spontaneous firing activity were made to a depth of 2 mm. Purkinje cells
were identified by their characteristic firing of complex spikes followed
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by a pause in simple spike firing (see Fig. 5). A
Spike activity was digitized at 10 kHz for a min-
imum of 3 min for each cell of interest, using
Spike2 software (CED). The mean firing rates
of complex and simple spikes were quantified
using analysis functions in the Spike2 software.

Slice electrophysiology. Cerebella were dis-
sected out into ice-cold modified artificial CSF
(ACSF) containing the following (in mm): 60
NaCl, 118 sucrose, 26 NaHCOs;, 2.5 KCI, 11
glucose, 1.3 MgCl,, and 1 NaH,PO, at pH 7.4
when bubbled with 95% O,:5% CO,. The cer-
ebellar vermis was glued to the vibratome
cutting platform (Dosaka EM Co) with cyano-
acrylate adhesive. Two-hundred-micrometer-
thick sagittal slices were cut and incubated for
30 min at 30°C in standard ACSF composed of
the following (in mm): 119 NaCl, 2.5 CaCl,, 26
NaHCO;, 2.5KCl, 11 glucose, 1.3 MgCl,, and 1
NaH,PO, at pH 7.4 when bubbled with 95%
0,:5% CO,. Slices were stored at room tem-
perature until required for recording. Slices
were transferred to a submerged recording
chamber and superfused with standard ACSF
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MgCl,, 0.4 NaGTP, 2 NaATP, and 10 Na-
phosphocreatine, adjusted to pH 7.4 with
KOH. For parallel fiber (PF)-mediated EPSC
(PF-EPSC) measurements, the internal solu-
tion contained the following (in mm): 108
Cs-methanesulfonate, 9 NaCl, 9 HEPES, 1.8
EGTA, 1.8 MgCl,, 0.4 NaGTP, 2 MgATP, 63 su-
crose, and 5 QX-314, adjusted to pH 7.4 with
CsOH. Picrotoxin (50 um) was added to the
ACSEF. PE-EPSCs were evoked by placing a patch pipette filled with stan-
dard ACSF at the same position in the molecular layer and applying a
range of stimuli (1.5-5.0 V, 200 ws duration). Pairs of PF-EPSCs (100 ms
apart) were evoked at 0.033 Hz, and a minimum of three PF-EPSCs were
averaged under each condition. Series resistances were <15 M{) and
were compensated for by 40—60%. Membrane currents and voltages
were filtered at 5 kHz and sampled at 10 and 200 kHz, respectively, for
voltage-clamp and current-clamp experiments. Data were acquired us-
ing pClamp 9 (Molecular Devices) and analyzed using IGOR Pro (Wave-
metrics). The amplitudes and decay time constants of PF-evoked EPSCs
were measured using the ChanneLab analysis program (Synaptosoft Inc).
Dissociated Purkinje cell electrophysiology. Purkinje cells were isolated
from P16—P20 mice using dissociation techniques modified from Raman
and Bean (1997). Isolated Purkinje cells were visually identified by their
large, pear-shaped soma (due to the stump of the apical dendrite). The
control extracellular recording solution contained the following (in mm):
110 TEA-CI, 25 NaCl, 2 BaCl,, 0.3 CdCl,, 10 HEPES, and 10 glucose,
buffered to pH 7.4 with NaOH. Recordings were made at room temper-
ature with borosilicate pipettes (3—5 M(2) containing the following (in
mM): 117 CsCl, 9 EGTA, 9 HEPES, 1.8 MgCl,, 14 Na-phosphocreatine, 4
MgATP, and 0.3 NaGTP, adjusted to pH 7.4 with CsOH. To isolate the
TTX-sensitive Na ¥ current voltage protocols were repeated in the pres-
ence of 300 nv TTX and subtracted from the control recordings.
Statistics. Statistical analysis was performed using Student’s ¢ test, two
samples assuming unequal variance, apart from densitometry analysis of

Figure 2.

Cerebellar degeneration in old 3-Ill =/~ spectrin mice. A, Cerebellar sections immunostained with anti-calbindin D
antibody reveal some ectopically expressed Purkinje cells (arrow) in 3-week-old B-1Il =/~ mice and shrunken Purkinje cell soma
in 6-month-old and 1-year-old 3-Ill '~ mice. ML, Molecular layer; GCL, granule cell layer; PCL, Purkinje cell layer. Scale bar, 50
um. B, Mean Purkinje cell density measured from cerebellar folia I1-1V, VI, and VIIl shows Purkinje cell loss in 6-month-old and
1-year-old but not 3-week-old B-Ill =/~ mice. €, Mean molecular layer thickness shows thinning of molecular layer in old
B-1Il =/~ mice. All data are means =+ SEM. *p < 0.05; **p < 0.01;***p < 0.001.

Western blots where one sample ¢ test was used with a predicted value of
100% for WT and proportion data were arcsine transformed before ¢ test.

Results
Generation of B-III spectrin-deficient mice
We used targeted recombination to knock out expression of B-I11
spectrin, and our targeting strategy involved replacing exons 3—6
with the neomycin-resistance gene (see Materials and Methods).
In the recombinant allele, when exon 2 is spliced onto exon 7 this
will disrupt the open reading frame, introducing a premature
stop codon at the beginning of exon 7. WT (+/+), heterozygous
(B-III""7;+/—), and homozygous (B-II1 '7;—/—) progeny
were identified by PCR analysis (see Materials and Methods).
To determine whether we had successfully abolished B-III
spectrin expression, we analyzed, using a previously character-
ized polyclonal antibody raised against a C-terminal epitope of
B-1IT spectrin (Jackson et al., 2001), whole cerebellar homoge-
nates by Western blot analysis. This revealed that full-length B-III
spectrin (270 kDa) was absent in 8-II1 /™ mice and its quantity
approximately halved (58.4 = 7.4% of WT) in B8-II1 "/~ animals
(Fig. 1A). However, a smaller molecular weight protein was de-
tected, at low levels, in B-I1I ~/~ mice (18.8 = 2.2% of full-length
B-11T spectrin in WT) (Fig. 1 A) and B-III */~ mice but not WT
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Figure 3.

animals. Confocal immunofluorescence microscopy revealed
that this protein was still located throughout the 8-II1 '~ Pur-
kinje cell dendritic tree but, consistent with results from Western
blot analysis, at a substantially reduced level when compared with
WT B-III spectrin (Fig. 1B).

We determined that the smaller molecular weight protein
arises from exon 1, not exon 2, being spliced onto exon 7 in the
targeted but not WT allele (supplemental Fig. 1A, available at
www.jneurosci.org as supplemental material). This retains the
reading frame, and so no premature stop codon is introduced.
Therefore, the mutant mice lack full-length B-III spectrin but
express, at a low level, a form of B-III spectrin (~250 kDa) that
lacks most of the actin-binding domain encoded by exons 2—6
(supplemental Fig. 1B, available at www.jneurosci.org as supple-
mental material). In vitro studies demonstrate that A2-6BIII pro-
tein has no obvious gain-of-function or adverse property but, if
anything, appears to be less functional than WT (supplemental
Fig. 1C-F, available at www.jneurosci.org as supplemental mate-
rial), providing persuasive evidence that the 8-1II /™ mouse is a
functional knock-out (hypomorph).

B-1II spectrin deficiency causes cerebellar ataxia
To test whether B-I1T ~/~ mice show signs of ataxia, we first ana-
lyzed the footprint patterns of 6-week-old to 1-year-old animals

Signs of glutamate-mediated excitotoxicity in B-1Il ~/~ Purkinje cells. A7-B2, Ultrastructural analysis of cerebellar
sections from 6-month-old mice shows normal cell bodies in WT (47, A2) but shrunken and electron dense somain B-lll ~/~ (B1,
B2).A1,B1,170X magnification; scale bar, 20 um. A2, B2, 750 X magnification; scale bar, 5 um. A3, B3, Electron micrographs
(8400X magnification; scale bars, 0.5 pm) show dilated smooth endoplasmic reticulum (ER) (B3, white arrowhead), and frag-
mented Golgi cisternae (arrow) with increased number of vesicles, some of which are invaginated (black arrowhead) in B-1Il ~/~
Purkinje cell somas compared with abundant rough ER (43, white arrowhead) and normal Golgi apparatus (arrow) in WT. ML,
Molecular layer; GCL, granule cell layer; mt, mitochondria; all Purkinje cell bodies outlined. *Denotes from which cell high-
magnification images were obtained. Note different cell orientation in A2 and B2 compared with A7 and B1.
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for differences in base width and stride
length (Fig. 1C). Hindlimb gait of B-IIT '~
mice became progressively wider than
that of littermate WT mice, but there was
no significant alteration in step length at
any age. However, variation in walking
speed down the runway introduced heter-
ogeneity in stride length that may have
masked genotype-dependent differences.
To quantify motor performance and
coordination, we used three behavioral
tests: stationary rod, rotarod, and elevated
beam. We found no significant difference
at 3 weeks of age between B-III '~ and
WT mice in maintaining balance on a sta-
tionary rod, whereas 6-month-old and
l-year-old B-III /" mice struggled to
maintain balance (Fig. 1 D). Performance
of young B-IT1 ™'~ mice on a rotating rod
(3 rpm) was initially significantly below
that of WT animals (Fig. 1E). However,
the performance improved on days 3 and
4, demonstrating that 8-II1 /~ mice are
able to learn motor tasks and can perform
well when the task is relatively easy. When
the speed was increased to 5 rpm, again
B-1I1 '~ mice fell off more rapidly than
WT controls, and at 10 rpm they showed
no improvement during consecutive days
of testing (Fig. 1E). In contrast, by 6
months of age B-111 '~ mice performed
much worse and showed no improvement
even at 3 rpm (Fig. 1F; see supplemental
video, available at www.jneurosci.org as
supplemental material). To test whether
weakness contributed to poorer rotarod
performance, we evaluated muscle strength
with a hanging wire test. There was no sig-
nificant difference between the perfor-
mance of B-II1 '~ mice and WT animals at any age, suggesting
no muscle weakness (supplemental Fig. 2A, available at www.
jneurosci.org as supplemental material). Defects in motor per-
formance were also not due to body size variation as there was no
significant difference in body weight (supplemental Fig. 2B,
available at www.jneurosci.org as supplemental material). Fi-
nally, an elevated beam test was used to evaluate motor coordi-
nation and balance. The beam width was 2 cm, so that impaired
coordination and balance would result in hindlimb errors. The
B-II1 '~ mice were generally more hesitant to cross the beam
compared with WT animals (see supplemental video, available at
www.jneurosci.org as supplemental material) and when turning
sometimes fell off the beam, which WT mice never did. Counting
the number of slips made by each animal while traversing the
beam showed that 8-1I1 '~ mice made more, and generally big-
ger, slips than WT littermates from 12 weeks of age (Fig. 1G).
However, B-1I1 ~'~ mice remain ambulatory and do not fall when
walking, resembling a mild form of ataxia that is observed in
SCAS5 patients, in contrast to SCA1 transgenic mice, which dis-
play a more severe form of ataxia (Burright et al., 1995). Finally, a
tremor, a characteristic of some forms of cerebellar ataxia, was
observed in B-III '~ mice (see supplemental video, available at
www.jneurosci.org as supplemental material).
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Figure4. Loss of neuronal and astroglial glutamate transportersin B-lll '~ mice. A, Top, Representative Western blotsillustrating loss of EAAT4 proteinin 3-11l ~/~ mice from 3 weeks ofage.
Loss of astroglial glutamate transporter GLAST observed in B-Ill ~/~ mice from 12 weeks of age. No loss of GLT1 seen at any age. Bottom, Densitometry data quantifying levels. EAAT4 levels
normalized with calbindin, a Purkinje cell-specific marker ( p << 0.02 for all ages). GLAST and GLT1 normalized with actin. B, Cerebellar sections immunostained with anti-GFAP antibody show no
astrogliosis in 1-year-old B-lll ~/~ mice. €, Glutamate uptake assays on whole cerebellar homogenates show reduced uptake in B-1Il ~/~ mice from 12 weeks of age. All data are means + SEM

(N = 3-6).%p < 0.05; **p < 0.01.

Thinning of molecular layer and Purkinje cell loss in

B-1I1 /'~ mice

We then looked for cerebellar atrophy and Purkinje cell loss, other
features of patients with ataxia, in 8-111 '~ mice. Staining and quan-
tification of cerebellar sections (see Materials and Methods) revealed
a thinning of the molecular layer, generally correlated with degener-
ation of dendrites (He et al., 2006), and a progressive loss of Purkinje
cells at 6 months (WT, 50.4 *+ 3 cells/mm; B-II1 ', 39 *+ 1.9 cells/
mm; N = 4 and 3, respectively; p = 0.035; and WT, 156.2 * 3 um;
B-II1 /7, 112.2 + 3.1 pum; 73 = 2.5% of WT; p = 1.71 X 10 "*) and
1 year of age (WT, 44.7 = 2.3 cells/mm; B-1II ~/7,26.9 *+ 1.5 cells/
mm; N = 4; p = 0.001; and WT, 150 * 8.5 wm; B-1II ~/7,109.3 +
4.7 pm; 73 = 3.1% of WT; p = 0.005). This is not observed in young
(3-week-old) B-III '~ animals (WT, 51 = 3.4 cells/mm; B-II1 ',
50.6 * 3.8 cells/mm; N = 10 and 9, respectively; p = 0.94; and
WT, 157.5 * 6.4 jum; B-111 7/, 144.1 + 3.4 um; p = 0.097) (Fig.
2). There was no obvious variation in the pathology of the
lobules examined, with the same degree of neuronal loss and
atrophy being detected in all five examined. Immunostaining
also highlighted that the remaining Purkinje cell somas in old
B-II1 '~ animals were generally smaller (WT, 14.5 = 0.13 um;
B-IIT /7, 11.6 = 0.27 wm; N = 3, n = 100/animal; p = 0.0025)
and more irregularly shaped compared with WT littermates. It
also revealed that in young B-III '~ mice more Purkinje cells
were found to lie outside the Purkinje cell layer (WT, 0.28 *=
0.17%; B-II1 '~ 3 = 0.34%, N = 3, n = 350-520/animal; p =
0.006) (Fig. 2A), a finding also observed in SCA1 mutant mice
(Burright et al., 1995), whereas, we saw no differences in the
densities of DCN among genotypes at any age (supplemental Fig.
3, available at www.jneurosci.org as supplemental material).

Also, no gross morphological change (cell layer thickness) or
neuronal loss was observed in hippocampus (CA1 or CA3), cor-
tex, or dentate gyrus (supplemental Table 1, available at www.
jneurosci.org as supplemental material).

Subsequent ultrastructural analysis using transmission
electron microscopy of Purkinje cells confirmed somal shrink-
age and revealed an age-dependent accumulation of cells un-
dergoing “dark cell degeneration” (Fig. 3), a process linked to
AMPA receptor-elicited delayed excitotoxicity (Garthwaite
and Garthwaite, 1991; Turmaine et al., 2000), in 8-III ~/~ mice.
In 8-month-old B-III /~ animals, the percentage of Purkinje
cells with normal morphology, relative to WT, was 29 = 2.1% com-
pared with 94.5 = 1.9% at 8 weeks of age (8 weeks: N = 4, n =
18—35/animal; 8 months: N = 5, n = 7-18/animal; ***p = 7.2 X
10 °). These cells showed irregular somal morphology, increased
electron density, dilated cisternae of endoplasmic reticulum de-
nuded of ribosomes, and changes to Golgi apparatus (numerous
vesicles, some of which were invaginated, a sign of Golgi frag-
mentation (Siddhanta et al., 2003)).

Loss of glutamate transporter expression in 3-II1 ~/~ mice

We therefore examined levels of EAAT4, the Purkinje cell-
specific glutamate transporter, in 8-III /™ mice, since our previ-
ous work showed EAAT4 interacts with and is stabilized by B-III
spectrin (Jackson et al., 2001). Moreover, dramatic changes in
EAAT4 distribution were seen in SCA5 autopsy tissue (Ikeda et
al., 2006). Even at 3 weeks of age, a decrease in EAAT4 protein was
obvious in B-1IT '~ mice compared with WT littermate controls
(66.5 = 3.5% of WT; N = 6 each; p = 0.0002) (Fig. 4A). Values
were normalized to calbindin, a Purkinje cell-specific marker.
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Figure 5.  Reduced in vivo simple spike firing rate in old B-1Il ~/~ mice compared with

young SB-Ill '~ mice. Top, Representative trace of in vivo Purkinje cell output from 8-month-
oldWTand B-IIl ~"~ animals. Complex spike (dashed box) enlarged on right of trace. Bottom,
Firing rates of 12-week-old and 8-month-old 3-1Il ~/~ mice expressed as percentage of wild-
type frequency show reduction in simple but not complex spikes with age. All data are means =
SEM (12 weeks: WT,N = 3,n = 11; B-lll /= N=3,n=12;8months: WT,N = 3,n = 8;
Bl ~/7,N=3,n=10;p = 0.02).

Immunofluorescence microscopy reveals that in 8-TIT '~ mice
the remaining EAAT4 is still located throughout the dendritic
tree (supplemental Fig. 4, available at www.jneurosci.org as sup-
plemental material). In contrast, no loss of the astroglial gluta-
mate transporters GLAST (103.2 = 7.4% of WT; p = 0.687) and
GLT1 (102.7 = 5.1% of WT; p = 0.62) was observed at this early
stage.

Western blot analysis and densitometry (Fig. 4A) did reveal a
progressive reduction in GLAST protein compared with litter-
mate controls in 12-week-, 6-month-, and 1-year-old animals
(81.5 = 5.5% of WT, p = 0.0206; 64 = 5% of WT, p = 0.0055;
44.3 = 13% of WT; p = 0.05; N = 3 each) in addition to the fairly
consistent loss of EAAT4 (67.3 = 6.2% of WT, p = 0.0033; 50.5 =
5.9% of WT, p = 0.0035; 62 = 5.5% of WT, p = 0.02). In contrast,
no reduction in GLT1 levels was observed at any age (108.3 =
2.4%; 95.8 = 2.4%; 111.7 % 16.9%, respectively). The fact there
was no difference in GFAP expression in old B-1I1 /"~ animals
(Fig. 4 B) suggests that the progressive loss of GLAST was not a
consequence of global defects in Bergmann glial integrity.

To investigate whether a loss of transporter protein corre-
sponded to a loss in cerebellar glutamate uptake, we measured
uptake of radioactively labeled glutamate into crude cerebellar
membrane preparations. We found a slight reduction in 12-
week-old B-I1T '~ animals (83.5 + 6.4% of WT; N =3 and 4;p =
0.08) when the ataxic phenotype starts to become obvious, and
further losses in 6-month-old and 1-year-old animals when the
motor deficits are more pronounced (70 % 7.6% of WT, p = 0.047,
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and 49.2 * 9.7% of WT, p = 0.034, respectively; N = 3 each) (Fig.
4C). Together, these results suggest that impaired glutamate uptake,
resulting from loss of EAAT4 and GLAST, correlates with neuronal
degeneration and plays a role in disease progression.

Reduced in vivo Purkinje cell simple spike firing rate in

B-II1 7'~ mice

Purkinje neurons provide the sole output from the cerebellar
cortex, in the form of inhibitory inputs to the DCN, and so it is
their firing rate that encodes the timing signals essential for mo-
tor planning, execution, and coordination. They are one of a few
neuronal populations that fire regularly in the absence of synaptic
input, but integration of excitatory and inhibitory inputs modu-
lates their output (Hausser and Clark, 1997). We therefore re-
corded the in vivo firing pattern of Purkinje cells in 12-week-old
and 8-month-old B-III /~ and WT mice (Fig. 5). We found that
the simple spike firing rate was much less at 8 months than 12
weeks in B-I1T '~ mice compared with WT animals, indicating
an age-related decrease in output from surviving Purkinje cells.
There was no difference in the firing rate of complex spikes, but
some Purkinje cells from 8-month-old animals appeared to fire
only complex spikes, with the number of such cells being greater
in B-II1 '~ mice (WT, 1 of 9 cells; B-IIT ', 5 of 15 cells). These
cells were not included in the calculation of the mean simple spike
firing rate.

Reduced spontaneous activity in B-III ~/~ mice

To identify a possible cellular basis for the impaired Purkinje cell
output in B-II1 '~ mice, we first measured spontaneous activity
in vitro (Fig. 6 A). We found an approximately twofold reduction
in cells from 3-week-old B-IIT ~/~ animals (18.3 = 2.6 Hz; N = 2,
n=7) compared with WT cells (43.4 £3.5Hz; N=3,n=9;p =
5.22 X 10°). The difference in the firing rate was not abolished in
the presence of bicuculline, an inhibitor of GABAergic neuro-
transmission, demonstrating that the observed reduction is not
due to increased inhibition. There was also very little effect on
firing rate when excitatory inputs were blocked with NBQX, re-
vealing very little tonic excitatory input within the in vitro slice,
similar to published data (Hédusser and Clark, 1997). Therefore,
the observed reduction is due to an intrinsic membrane defect
(i.e., altered ion channel activity) in B-III /~ Purkinje cells.
There was no further reduction in firing frequency observed in
cells from 6-month-old B-II1 ~/~ animals (20.8 = 1.2 Hz; N = 2,
n = 16; p = 0.432), suggesting that the intrinsic defect does not
underlie the progressive nature of the disease phenotype. No sig-
nificant difference in cell input resistance, indicating no
change in “leak” conductance, or zero current potential was
detected between the two genotypes in either 3-week-old (WT,
74 + 12 MQ; B-1I1 /'~ 78 + 8 MQ; and WT, —55 * 1 mV;
B-1I1 /7, =54 + 3 mV) or 6-month-old animals (WT, 78 = 6
MQ; B-II1 /7,76 = 6 MQO;and WT, —56 + 0.3 mV; B-111 ',
—57 = 0.8 mV).

It is known that voltage-gated potassium and sodium chan-
nels play important roles in sustaining the high-frequency tonic
firing in Purkinje cells (Raman and Bean, 1999; Sacco et al., 2006;
Zagha et al., 2008). There was no difference in action potential
properties from WT and B-III '~ Purkinje cells (half-width:
WT, 0.24 = 0.05 ms; B-I11 ', 0.23 + 0.009 ms, p = 0.287; peak:
WT, 10.9 * 1.6 mV; B-II1 /7, 11.9 + 2.1 mV, p = 0.483; hyper-
polarization peak: WT, —60.6 + 1.9 mV; B-III /~, —60.3 * 0.9
mV, p = 0.337; n = 7-10 for all analyses), suggesting that the
intrinsic firing defect was not due to a potassium channel;
whereas, when we recorded whole-cell sodium currents from acutely
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repetitive Purkinje cell firing, accelerating
depolarization between action potentials,
was also found to be smaller in B-II1 /"~
cells (Fig. 6C). These results suggest that it is
a sodium channel defect that underlies the
changes in the intrinsic membrane proper-
ties of B-1I1 '~ Purkinje cells and that 8-III
spectrin may play a role in maintaining a
high density of sodium channels within the
soma and dendrites, similar to B-IV spectrin
in axons (Komada and Soriano, 2002).

Altered glutamatergic transmission in
B-111 '~ mice

Next, since the tonic simple spike firing
rate is increased by PF inputs, we exam-
ined, in cerebellar slices, PF-EPSCs. We
found that PF-EPSC amplitudes, at vari-
ous stimuli, were considerably larger in
6-week-old B-1I1 '~ mice compared with
WT (Fig. 7A, B). However, no enhance-
ment in PF-EPSC peak amplitude was
seen in cells from 6-month-old B-ITT ~/~
animals, and recordings from 1-year-old -/-
B-II1 ~/~ animals reveal a decrease com-

pared with WT cells (Fig. 7A, B). This in-

dicates Purkinje cell excitation is initially

enhanced, which would partly offset some ~ Figure6.
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Reduced spontaneous firing due to smaller sodium currents in Purkinje cells from 3-IIl '~ mice. A, Left, Represen-

of the intrinsic Purkinje cell defect, but
then progressively declines in B-III '/~
mice, compounding such deficits.
Western blot analysis of cerebellar tis-
sue from these mice shows no difference
between genotypes in the level of GluR1,
an AMPA receptor subunit, to account for

tative traces of Purkinje cell spontaneous firing measured from 3-week-old WT and 3-Ill /™ littermates. Right, Quantification of
mean firing frequency shows a reduction in spike frequency in Purkinje cells from 3-week-old B-lll =/~ mice compared with WT
mice. Presence of NBQX or bicuculline does not abolish genotype difference in firing rate. B, Left, Sodium current traces from
representative cells evoked with a series of 50 ms depolarizations from a holding potential of —90 mV to potentials ranging from
—80to + 20mVin 10 mV increments. Right, Current—voltage relationship shows reduced whole-cell currentin B-1Il ~/~ mice.
€, Left, Representative traces of resurgent sodium currentsin WT and -lll '~ mice. Currents evoked using a 20 ms step to + 30
mV, followed by repolarizations from —20 to —70 mV. Right, Mean peak resurgent sodium current versus voltage shows reduced
resurgent currentin B-1ll ~/~ mice. All data are means = SEM. **p << 0.01; ***p < 0.001.

the enhancement (97.7 = 1.8% of litter-

mate controls; N = 3 and 4; p = 0.3) (Fig.

7C). There is also no difference in paired-pulse facilitation be-
tween young B-1I1 /" and WT mice (1.25 * 0.14 and 1.25 *
0.02, respectively; p = 0.92) at 100 ms intervals, suggesting that a
difference in release probability does not underlie the larger EPSCs.
Instead, we found, similar to other published data (Takayasu et al.,
2004), that application of TBOA, a global glutamate transporter
antagonist, enhanced EPSC amplitude in young WT cells such
that there was no longer a significant difference in amplitude
between genotypes (p = 0.162). In contrast, a loss of AMPA
receptors (64.5 = 10% of WT; p = 0.038) (Fig. 7C) and a slight
difference in paired-pulse facilitation (WT 1.4 + 0.03; B-II1 '~
1.29 + 0.03; p = 0.02) is observed in 1-year-old 8-III '~ animals.

Together, the results indicate that the decreased spontaneous
firing rate arising from loss of B-III spectrin is, in young animals,
partly offset by greater excitation. However, this declines in older
animals, likely due to dendritic degeneration, and compounds
the intrinsic defect. Ultimately, the combination of Purkinje cell
death and reduced output from the surviving neurons leads to
less inhibition onto the DCN and a progressive ataxic phenotype.

Discussion

Loss of function in disease pathogenesis

In this study, we show that loss of B-1II spectrin produces a phe-
notype that resembles that of SCA5 patients with gait abnormal-
ities, progressive motor coordination deficits, thinning of the
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Figure 7. Altered PF-EPSCs in B-IIl ~'~ mice. A, Left, Representative EPSC waveforms (4 V stimulus) from 6-week-old,
6-month-old, and 1-year-old WT and B-lll ~/~ littermates. Right, Mean PF-EPSC amplitudes versus stimulus intensity shows
consistent differences between WT and B-Ill =/~ cells at different stimuli. B, Mean peak amplitude of EPSCs at 4V stimulus shows
changes in PF-evoked currents with age in B-Ill ~/~ cells (6 weeks: N = 3,n = 10, p = 0.001; 6 months: WT, N = 2,n = 10;
B I N=2n= 9,p = 0.44; Tyear:WT,N=1,n=6; B-lll T N=2n= 11,p = 0.05). C, Western blot analysis shows

loss of GIuR1 in 1-year-old but no change in 6-week-old B-Ill ~/~ mice.

molecular layer, and Purkinje cell loss (Stevanin et al., 1999; Biirk
etal., 2004; Ikeda et al., 2006). Therefore, these results suggest that
loss of B-I1I spectrin function underlies SCA5 pathogenesis, provid-
ing mechanistic insights into this autosomal-dominant disease. Al-
though autosomal-dominant diseases were originally thought to
result from toxic gain-of-function properties, recently several stud-
ies have implicated loss-of-function in the pathogenesis of other
dominant neurodegenerative diseases (Van Raamsdonk et al., 2005;
Thomas et al., 2006; Lim et al., 2008).

To date, heterozygous animals have displayed no obvious
ataxic phenotype (our unpublished observation), arguing against
haploinsufficiency as a disease mechanism and pointing toward
the human mutations possessing dominant-negative effects on
wild-type B-III spectrin function. Additional models in which
B-11T spectrin with a known SCA5 mutation is expressed should
address this issue.

Sodium channel dysfunction may play a role in SCA5

Results from our in vitro current-clamp experiments revealed a
substantial reduction in spontaneous Purkinje neuron activity in
B-IIT '~ mice. It is known that several ion channels are essential for
the sustained high-frequency tonic firing of Purkinje cells (Raman
and Bean, 1999; Sacco et al., 2006; Zagha et al., 2008). Moreover,
their loss in mice has been shown to cause ataxia (Sausbier et al.,
2004; Akemann and Knopfel, 2006; Levin et al., 2006; Walter et al.,
2006), and, more importantly, loss of ion channel function has been
identified as a genetic defect in several SCA subtypes (Browne et al.,
1994; Ophoffetal., 1996; Zhuchenko et al., 1997; Waters et al., 2006).

O =2 N W

++ -

o o =] GuRt
E calbindin

g Tyr [~ =] calbindin
s 2

J. Neurosci., April 7, 2010 - 30(14):4857—4867 + 4865

Here, we report that there are reduced
sodium currents in acutely dissociated
Purkinje neurons from B-III ~/~ mice. Of
note, a mutation in the gene that encodes
Na,1.6 has been found in a patient with
cerebellar atrophy and ataxia (Trudeau et
al.,, 2006), and BIV-spectrin has been
shown to be required for correct localiza-
tion and stabilization of voltage-gated so-
dium and potassium channels within
axons and its loss results in progressive
ataxia (Parkinson et al., 2001; Komada
and Soriano, 2002). Together, these find-
ings suggest that sodium channel dys-
function is a factor in the pathogenesis of
some forms of SCA.

Spectrin is known to be a key factor in
forming specialized membrane domains
by linking transmembrane proteins such
as ion channels and cell-adhesion mole-
cules to membrane phospholipids and the
actin cytoskeleton (Baines, 2009). Future
analysis of B-II1"'~ mice will delineate
the role B-1II spectrin plays in assembling
such domains as in its absence, or that of
associated proteins (Jenkins and Ben-
nett, 2001), sodium channels may no
longer be maintained within specific
subdomains, potentially contributing to
Purkinje cell dysfunction. Alternatively,
given B-III spectrin’s putative role in fa-
cilitating protein transport (Holleran et
al., 2001) sodium channels may be in-
correctly trafficked.

6 wk 6 mo1 yr

GluR1

Role for GLAST dysfunction in Purkinje cell degeneration

We found that in older B-III ™/~ mice, when motor deficits are
more pronounced, there is, in addition to the loss of EAAT4 seen
in young B-III '~ mice, a loss of the astroglial transporter
GLAST and corresponding reductions in glutamate uptake.
These results and the evidence of glutamate-mediated excitotox-
icity in Purkinje cells of B-IIl /~ mice from 6 months onward
suggest that it may be the delayed and progressive loss of GLAST
activity that leads to Purkinje cell degeneration and the worsen-
ing ataxic phenotype. Therefore, a non-cell-autonomous mech-
anism involving GLAST dysfunction might be a pathogenic
mechanism common to several SCAs. A complete loss-of-
function mutation in EAATI (GLAST), with a dominant-
negative effect on wild-type protein, was recently identified in a
child with episodic and progressive ataxia (Jen et al., 2005), and
this is in accordance with the finding that a GLAST knock-out
mouse possesses motor deficits (Watase et al., 1998). Further-
more, Purkinje cell degeneration is also seen when expanded
ataxin-7 is expressed solely in Bergmann glia, resulting in im-
paired glutamate uptake and loss of GLAST (Custer et al., 2006).
Therefore, glutamate-mediated excitotoxicity, involving GLAST
dysfunction, appears to play a critical role in Purkinje cell degen-
eration. Exactly how loss of B-1II spectrin gives rise to this is not
yet determined as B-III spectrin does not appear to be expressed
in Bergmann glia (our unpublished observation). One possibility
is that B-1II spectrin, by orchestrating specialized microdomains
in Purkinje cells, assembles a multiprotein transmembrane com-
plex that maintains cell-to-cell contact with Bergmann glia and
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retains GLAST at the glial membrane. Alternatively, given the
role of spectrin in vesicular transport, it may be that B-III spectrin
is involved in the trafficking and secretion of trophic factors from
Purkinje cells that modulate GLAST protein levels.

Cumulative effects of different insults important for

disease progression

It is known that enhanced DCN hyperexcitability is sufficient to
induce ataxia (Shakkottai et al., 2004), and so any reduction in
GABAergic Purkinje cell output will contribute to motor deficits
by reducing inhibition onto the DCN. However, although we
identified a reduction in Purkinje cell intrinsic spontaneous fir-
ing rate in 3-1II ~/~ mice, this loss in output could not account
for the increasing disease severity as the same degree of reduction
was seen in 3-week-old and 6-month-old animals, which show
mild and more severe motor deficits, respectively.

Therefore, it is apparent that additional factors are involved in
modifying Purkinje cell output and affecting disease severity.
Furthermore, these findings highlight the cellular complexity of
cerebellar degeneration and ataxia. From the present study one
contributing factor would appear to be altered excitatory inputs.
Although previous work suggests EAAT4 to affect current decay
(Takayasu et al., 2005), our results show that in young B-I11 '~
mice, loss of EAAT4, and not GLAST (Fig. 4A) corresponds with
increased EPSCs (Fig. 7 A, B). One possibility for the discrepancy
is that there is less compensation from the other transporter sub-
typesin B-III '~ mice compared with EAAT4 knock-out mice. It
may also be that GLAST is not in close opposition with dendritic
spines, reducing rapid removal of glutamate. In contrast, pro-
longed EPSCs in 1-year-old B-II1 '~ animals correlate with a loss
of GLAST protein, similar to published data (Marcaggi et al.,
2003; Stoffel et al., 2004; Takayasu et al., 2005; Takatsuru et al.,
2006). These recordings also confirm that the removal of synap-
tically released glutamate is retarded in old B-III '~ mice and
raises the possibility that accumulation of glutamate results in
AMPA receptor desensitization. Unexpectedly, given the loss of
EAAT4, PF-EPSCs appear to decay faster in cells from young
B-1I1 '~ mice. Although both astroglial transporters are slightly
elevated in young B-II1 /~ mice this is unlikely to be the sole
reason for the faster decay, due to the small extent of protein
increase and lack of increased glutamate uptake. Previous work
has shown the sodium channel inhibitor QX-314 may not block
all channel subtypes equally (Yeh, 1978). We saw no difference in
decay constants between young WT and B-III '~ mice when
recordings were performed in the absence of sodium channel
blockers. It is possible, therefore, that in 8-II1 ~/~ mice, due to the
loss of sodium currents (Fig. 6 B,C) there may be less of a con-
taminating current, precluding detection of slowing of the EPSC
decay. A similar finding of briefer PE-EPSC decay times was ob-
served in Na, 1.6 knock-out animals (Levin et al., 2006).

Therefore, loss of EAAT4 may coincidentally have a biphasic
effect on Purkinje cell physiology: initially, the loss is compensa-
tory, maintaining Purkinje cell output and downstream DCN
inhibition, resulting in only a mild ataxic phenotype. However,
with time it elicits AMPA receptor-elicited excitotoxicity, resulting
in dendritic degeneration and eventual cell death, both leading to
progressively less Purkinje cell output and hyperexcitability of
DCN. Although there are no reports that EAAT4 knock-out mice
develop ataxia, a downregulation of EAAT4 is seen before any
behavioral phenotype in two other models of ataxia, SCA1 trans-
genic mouse (Lin et al., 2000; Serra et al., 2004) and staggerer
(Gold etal.,2003). Together, the results from these three different
mouse ataxia models suggest that EAAT4 may indeed be a com-
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mon factor in early disease pathogenesis. It appears that for nor-
mal glutamatergic neurotransmission a loss of EAAT4 is not
deleterious, as GLAST is able to fully compensate, but when
GLAST is lost (as here), the cumulative effect becomes patho-
genic. A similar concerted role of EAAT4 and GLAST is apparent
in brain ischemia where Purkinje cells with low EAAT4 levels are
selectively lost in GLAST knock-out mice (Yamashita et al.,
2006).

In conclusion, the B-1I1 /~ mouse described here represents a
new model of cerebellar ataxia, showing not only progressive
behavioral abnormalities but also Purkinje cell degeneration.
This is similar to clinical cases, therefore making it a valuable
disease model for future study. The data also reveal that at least
two separate disease pathways are involved in the loss of inhibi-
tory cerebellar output underlying the ataxic phenotype. The first
is a decrease in the tonic firing rate of Purkinje cells due to altered
intrinsic membrane properties arising from reduced sodium cur-
rents. The second is a reduction in excitatory inputs and Purkinje
cell death, possibly a consequence of glutamate-mediated excito-
toxicity, arising from loss of EAAT4- and GLAST-mediated glu-
tamate uptake. Therefore, B-III spectrin appears to play an
important part in the prevention of glutamate-mediated neuro-
toxicity and to have a critical role in maintaining Purkinje cell
tonic firing. Future analysis of this model will provide a greater
understanding of what may be convergent disease mechanisms
for various SCAs (i.e., ion channel dysfunction, glutamate-
mediated excitotoxicity, and protein-trafficking defects). In-
sights into the human disease will be obtained by addressing
whether known SCAS5 mutations have similar detrimental effects
to the present mouse model on either or both of the sodium
channels or the astroglial glutamate transporter GLAST.
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